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PREFACE 
I n  r e c e n t  y e a r s ,  a t t empt s  have been made t o  develop numerical models 
f o r  unsteady f lows  i n  channels  with sediment t r a n s p o r t .  The work presented  
i n  Repor ts  KH-R-43A and KH-R-43B w a s  conducted t o  ana lyze  two e s s e n t i a l  
i n g r e d i e n t s  of any numerical  model: t h e  r e l a t i o n s h i p  between t h e  h y d r a u l i c  
v a r i a b l e s  ( s l o p e ,  d e p t h ,  and v e l o c i t y )  , and the  p r e d i c t o r  of sediment 
concen t r a t ion .  
Report KH-R-43A p r e s e n t s  a d e t a i l e d  a n a l y s i s  of t h e  two components 
and examines t h e i r  r o l e  i n  numerical  modeling. S ix  h y d r a u l i c  r e l a t i o n s h i p s  
and 13  sediment c o n c e n t r a t i o n  p r e d i c t o r s  a r e  examined and compared. New 
r e l a t i o n s h i p s  a r e  then  developed which appear  t o  be more a c c u r a t e  than  t h e  
e x i s t i n g  techniques .  F i n a l l y ,  t h e  new r e l a t i o n s h i p s  a r e  u t i l i z e d  i n  a 
numerical unsteady f l o w ,  moveable bed model which uses  a four- point  i m p l i c t  
f i n i t e  d i f f e r e n c e  s o l u t i o n  scheme. 
'Ihe d a t a  base  u t i l i z e d  i n  t h e  f i r s t  r e p o r t  is  presented i n  Report 
KH-R-438. The d a t a  base  con ta ins  7,027 r eco rds  (5,263 l a b o r a t o r y  r eco rds  
and 1,764 f i e l d  r e c o r d s ) ,  i n  77 d a t a  f i l e s .  Not a l l  records  were used i n  
t h e  f i n a l  a n a l y s e s ,  b u t  they  have been inc luded  i n  an  at tempt  t o  provide  a 
h i s t o r i c a l l y  complete set of a l l u v i a l  channel  observa t ions .  
The m a t e r i a l  p re sen ted  i n  t h e s e  r e p o r t s  is e s s e n t i a l l y  t h e  same a s  
t h e  t h e s i s  submi t ted  by t h e  au tho r  i n  p a r t i a l  f u l f i l l m e n t  of t h e  requi re-  
ments f o r  t h e  degree  of Doctor of Philosophy. A common l is t  of r e f e r e n c e s ,  
with d a t a  sou rces  s e p a r a t e d  from o the r  r e f e r e n c e s ,  h a s  been included i n  
both r e p o r t s .  
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proposed new method f o r  f i e l d  data .  
6 -4  Geometric mean and geometric s tandard dev ia t ion  of t h e  
r a t i o  of pred ic ted  t o  observed concent ra t ion  f o r  a l l  
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CHAPTER 1 
INTRODUCTION 
I n  the  design and a n a l y s i s  of channels, one is o f t en  faced with the  
problem of determining t h e  depth of flow and sediment concentrat ion 
which occur i n  a  channel with given bed slope,  water discharge,  and 
bed-material proper t ies .  The most fundamental problem can be s t a t e d  as: 
given steady uniform flow, what depth and concentrat ion can be expected? 
A more complex ques t ion  is: given a nonsteady inflow discharge and 
concentrat ion,  what w i l l  be t h e  time h i s to ry  of  depth and concentrat ion 
along the  channel? This l a t t e r  quest ion requ i res  so lu t ion  of a  s e t  of 
d i f f e r e n t i a l  equations which w i l l  include t h e  p o s s i b i l i t y  of scour and 
deposi t ion  along t h e  channel. This r epor t  pr imar i ly  focuses on the  
former quest ion,  but with a view toward u l t imate  so lu t ion  of the  l a t t e r ,  
Only sand-bed channels a r e  considered. 
1.1 D i f f e r e n t i a l  Equations 
The problem of modeling scour and deposi t ion  i n  unsteady nonuniform 
flows i n  a wide s t r a i g h t  channel with a sand bed can be reduced t o  
so lv ing th ree  p a r t i a l  d i f f e r e n t i a l  equations wi th  two c o n s t i t u t i v e  
r e l a t i o n s ,  f o r  a  t o t a l  of  f i v e  unknowns. The equations can be wr i t t en  
i n  d i f f e r e n t  forms with d i f f e r e n t  sets of unknowns. One possible set of 
unknown q u a n t i t i e s  c o n s i s t s  of the  mean flow v e l o c i t y  ( u ) ,  t h e  flow 
depth ( h ) ,  t h e  mean sediment concentrat ion (C), t he  f r i c t i o n  slope (S) ,  
and the  bed e leva t ion  ( 2 )  r e l a t i v e  to some hor izon ta l  datum, which a r e  
a l l  funct ions  of the  d i s t ance  x along the  channel and time t. The width 
is present ly  assumed t o  be cons tant  and the  flow and bed condi t ions  
uniform across the  width. There a r e  of course many f i e l d  s i t u a t i o n s  
where t h i s  is not t r u e ,  but t h i s  addi t ional  complexity w i l l  be s e t  a s ide  
i n  t h i s  r e p o r t .  
The three  conservation equations t o  be solved a r e  (see  Fig. 1,1), 
t h e  momentum equation (Ponce e t  al., 1979) 
az ah u au  1 au - -, 
- +- + - - + -  
ax ax g a x  g a t  
t h e  con t inu i ty  equation f o r  water  
and, the  cont inui ty  equation f o r  sediment 
where h = the  poros i ty  o f  
p a r t i c l e s .  Because the re  
bed sediment and ps = mass dens i ty  of  sediment 
are f i v e  dependent va r i ab les ,  but only three  
equations so  f a r ,  two more r e l a t i o n s  a r e  needed f o r  closure.  These a r e  
the  equation f o r  the  f r i c t i o n  s lope  a s  a funct ion  of flow and sediment 
c h a r a c t e r i s t i c s  
S = funct ion  of ( u , h , t ,  ...I (1.4) 
and the  sediment concentra t ion  re l a t ionsh ip  
C = func t ion  of (u ,h , t , .  . , I  
Figure 1.1 Definition sketch for equations of motion. 
1.2 Previous Research 
Probably t h e  most widely used model f o r  so lv ing these  equations is  
t h e  Hydrologic Engineering Center (19761, HEC-6 model. The ingredients  
of t h e  HEC-6 a r e  genera l ly  considered the  cu r ren t  s tate- of- the- art ,  
although more recent  work, such a s  t h a t  of Ponce e t  dl. (1979) and Soni 
(1980) has brought about improvements which a r e  not y e t  widely used i n  
genera l  engineering p rac t i ce .  The model of Chang (1976), f o r  example, 
is  founded on b a s i c a l l y  t h e  same p r inc ip les  a s  the  HEC-6 and shares  some 
of the  problems, although more recen t ly  improvements have been made on 
t h i s  model (Chang and H i l l ,  1981). 
Since the  HEC-6 represen t s  a s tate- of- the- art  model, i t  is 
worthwhile t o  d i scuss  some problems t h a t  one might encounter f o r  
s i t u a t i o n s  involving r a p i d l y  changing flows: 
The "standard s t e p  methodtf (see e.g. Henderson, 1966) i s  used 
t o  so lve  f o r  t h e  hydraulic  parameters. This  technique is, 
s t r i c t l y  speaking, appl icable  only t o  s teady nonuniform flow. 
The technique assumes t h a t  the  au/a t  and ah/a t  terms i n  
Eqs. 1.1 and 1.2, respect ive ly ,  a r e  small and can be 
el iminated.  
The hydraulic  equations and the  sediment equations a r e  not 
coupled. For each s t e p ,  first the hydraulic  va r i ab les  a r e  
solved, and then the  sediment discharge and bed changes a r e  
ca lcula ted .  Thus az/ax i n  Eq. 1.1 i s  taken a s  the  i n i t i a l  
value a t  the  beginning of the  time step.  
The s lope  is defined by a Manning equation, and values  of 
Manning n must be known o r  estimated a t  each cross- section. 
The user  is offered a choice of three  sediment r e l a t i o n s h i p s  
( i .e .  Eq. 1.5),  but it  is not c l e a r  what accuracy each 
provides, o r  why one should be se lec ted  over another. 
Time is not included i n  any of the  sediment t r anspor t  
r e l a t ionsh ips .  Therefore, disregarding armoring, every flow 
is assumed t o  be car ry ing the  equil ibrium concentra t ion  f o r  a 
comparable s teady,  uniform flow, without any time l a g  f o r  
p a r t i c l e  s e t t l i n g  o r  resuspension o r  adjustment during 
t r a n s i e n t s  o r  non-uniformities. 
Despite its flaws, t h e  HEC-6 model is very genera l  i n  i t s  
c a p a b i l i t y  of accepting complicated geometry and flow obs t ruc t ions  such 
a s  bridges. A s  such, i t  is tempting t o  apply i t  t o  a wide v a r i e t y  of 
channels and flow s i t u a t i o n s .  It is the  writer's b e l i e f  t h a t  
engineering models such a s  HEC-6 should be appl ied  with g r e a t  care  t o  
modeling app l i ca t ions  involving rap id ly  varying flows, and t h a t  the  
r e s u l t s  should be viewed with considerable skepticism. 
1.3 Scope of Study 
Having considered t h e  problems involved i n  formulat ing a numerical 
model, we re tu rn  t o  the  problem of the  formulation of t h e  hydraulic  and 
sediment concentrat ion re la t ionships .  Solut ions  t o  t h e  d i f f e r e n t i a l  
equations a r e  meaningless without adequate formulat ions of these  
r e l a t ionsh ips .  Rather than formulate these  r e l a t i o n s h i p s  a s  represented 
by Eqs.l.4 and 1.5, a d i f f e r e n t  approach w i l l  be taken, which w i l l  be 
more use fu l  f o r  s teady uniform flow, and can be applied a s  an 
approximation f o r  the  unsteady case. For t h e  uniform case,  the  
assumption w i l l  be made t h a t  s lope  and u n i t  discharge,  q = uh, a r e  known 
and one wishes t o  f ind  depth and concentration. 
I n  order  t o  examine previous d e f i n i t i o n s  of these  r e l a t i o n s h i p s  a 
l a r g e  da ta  base of both f i e l d  and labora tory  d a t a  was needed. The 
establishment of such a d a t a  base is  discussed i n  Chapter 2. I n  Chapter 
3 s i x  e x i s t i n g  formula t ions  of  t h e  hydrau l ic  r e l a t i o n s h i p  a r e  analyzed 
t o  answer t h e  ques t ion :  can they be used t o  determine depth,  g iven  
s l o p e  and u n i t  d i scharge?  The d a t a  base was then  used t o  develop a  new 
formula t ion  of t h e  hyd rau l i c  r e l a t i o n s h i p ,  which is presented i n  Chapter 
4 The d a t a  base was a l s o  used t o  examine e x i s t i n g  d e f i n i t i o n s  of 
Eq. 1.5 (Chapter 5 )  and t o  develop a  new d e f i n i t i o n  of  t h i s  r e l a t i o n s h i p  
(Chapter  6). Chapter 7 d i s c u s s e s  s o l u t i o n s  t o  t h e  set of  d i f f e r e n t i a l  
equa t ions  which u t i l i z e  t h e  new formulat ions,  and p r e s e n t s  
recommendations f o r  f u t u r e  work. A summary o f  t h e  s tudy  and conc lus ions  
a r e  presen ted  i n  Chapter 8. 
CHAPTER 2 
DEVELOPMENT OF A DATA BASE 
The analyses presented i n  t h i s  r epor t  required the  establishment of 
t h e  l a rge  da ta  base of both labora tory  and f i e l d  data which is presented 
i n  Repor t  KH-R-43B. The i n i t i a l  thought w a s  t h a t  t h e  d a t a  compendium of 
Peterson and Howells (1973) could be used t o  supply t h e  required data. 
Unfortunately, i n  working wi th  t h i s  data compendium, t h e  writer 
discovered a s i g n i f i c a n t  number of er rors .  Furthermore, a d d i t i o n a l  d a t a  
were needed, p a r t i c u l a r l y  good f i e l d  data. 
Peterson and Howells ( 1973) a r e  t o  be commended f o r  taking t h e  
f i r s t  s t e p  toward the  development of a computerized data  base. The task 
of  loca t ing  data  and reducing i t  t o  a common set of va r i ab les  and u n i t s  
r equ i res  long hours of tedious  work. The data  c o l l e c t i o n  of Peterson 
and Howells is e s s e n t i a l l y  an update of the  da ta  c o l l e c t i o n  of Johnson 
(1 943). However, before any d a t a  s e t  can be used with t o t a l  
s a t i s f a c t i o n ,  a l l  of t h e  e r r o r s  must be eliminated. 
A c a r e f u l ,  item-by-item check suggests  t h a t  four types of e r r o r s  
were made i n  the  prepara t ion  of the  Peterson and Howells (1973) 
compendium : 
(1) Incor rec t  ind iv idua l  e n t r i e s  -- these  e n t r i e s  usua l ly  have 
i n c o r r e c t l y  ordered d i g i t s  o r  misplaced decimal points .  
(2 )  Conversion e r r o r s  -- e r r o r s  made i n  converting the  da ta  t o  a 
standard format, t y p i c a l l y  involving conversion of t r anspor t  
r a t e s  t o  sediment concentrat ions.  
( 3 )  Misinterpre ta t ion  of d a t a  -- t h i s  e r r o r  usua l ly  involved whole 
columns of da ta ,  and probably occurred a s  a r e s u l t  of 
confusing nota t ion  i n  the  da ta  source. 
4 )  Source e r r o r s  -- e r r o r s  o r ig ina t ing  from incor rec t  o r i g i n a l  
pub l i ca t ion  of da ta ,  discovered by checks on i n t e r n a l  
consistency . 
Also encountered were omissions of e n t r i e s  such as bed form and the  
gradat ion  parameter (geometric standard deviat ion of bed p a r t i c l e  s i z e ) ,  
which could be determined from the  o r i g i n a l  d a t a  sources, even though 
they were not e x p l i c i t l y  s t a t ed .  
The following is a desc r ip t ion  of some of the  apparent e r r o r s  t h a t  
were encountered. I n  the  da ta  of Sato, Kikkawa, and Ashida (1958) the  
g r a i n  s i z e  given i n  centimeters  was read a s  mil l imeters ,  Therefore the  
va lues  of the  median sediment s i z e  given by Peterson and Howells must 
a l l  be mul t ip l ied  by 10 t o  obta in  the  c o r r e c t  values f o r  t h i s  data set. 
The St raub (195491958) d a t a  s e t  conta ins  3 concentra t ion  values which 
a r e  a f a c t o r  of 10  too high. For the  da ta  s e t s  of Abdel-Aal and of 
Kalkanis (Abdel-Aal, 1969), and Vanoni and Hwang (19671, the  values 
given f o r  discharge a r e  r e a l l y  flow veloci ty ,  and the  slope and depth 
e n t r i e s  a r e  interchanged, An i n c o r r e c t  i n t e r p r e t a t i o n  of the  t r anspor t  
r a t e  of the  Williams (1970) d a t a  a s  being given i n  dry u n i t  weight per  
time ins tead  of submerged weight r e su l t ed  i n  an e r r o r  of about 60 
percent  i n  the  sediment concentrat ion readings. The t r anspor t  rate f o r  
t h e  Indian Canal d a t a  (Chaudhry, Smith, and Vigil, 1970), g iven i n  
metric tons,  was read a s  English s h o r t  tons, causing a 12 percent  e r r o r  
i n  sediment concentration. 
I n  the  development of a new d a t a  base from the  Peterson and Howells 
(1973) compendium, a few s e t s  of d a t a  where omitted, while many o the r s  
were added. The s e t s  were omitted e i t h e r  because the  da ta  were not 
app l i cab le  (one set of d a t a  was f o r  t ranspor t  of sludge), o r  because 
important v a r i a b l e s  were unavailable (one s e t  contained no slope 
measurements). The sets t h a t  were added included newer da ta  
(e.g. W i l l i s ,  1979) and a l a rge  quan t i ty  of  f i e l d  data, such as the 
Colorado River d a t a  (U.S. Bureau of Reclamation, 1958) and the  Rio 
Grande (Nordin and Beverage, 1965) data. 
A t  t h i s  point  it is worthwhile t o  def ine  a few terms r e l a t e d  t o  
sediment t r anspor t ,  a s  used i n  t h i s  report .  
Sediment concentrat ion is the  r a t i o  of the  sediment discharge t o  
t h e  discharge of the  water-sediment mixture, both expressed i n  terms of 
mass per  u n i t  time, usua l ly  given as p a r t s  per  mi l l ion  (ppm). For 
p r a c t i c a l  reasons, the  dens i ty  o f  the  water-sediment mixture is taken t o  
be approximately equivalent  t o  the  dens i ty  o f  t h e  water. This 
approximation w i l l  cause e r r o r s  of less than one percent f o r  
concentra t ions  less than 16,000 ppm. I n  t h i s  thes i s ,  t he  concentrat ion 
i s  used a s  a depth- and time-averaged (i .e.  mean) value, un less  
spec i f i ed  otherwise. 
Sediment load o r  t o t a l  sedim-ent load is t h e  mater ia l  being 
transported.  The sediment load can be divided i n t o  wash load and 
bed-material load. The wash load i s  t h e  f i n e  material of s i z e s  which 
a r e  not found i n  appreciable q u a n t i t i e s  on the  bed, and is  not 
considered t o  be dependent on the  l o c a l  hydraul ics  of the  flow, A s  a 
p r a c t i c a l  d e f i n i t i o n ,  t h e  wash load i s  considered t o  be the  f r a c t i o n  of 
the  sediment load f i n e r  than 0,062 mm, The bed-material load is the  
mater ia l  of s i z e s  which a r e  found i n  appreciable  q u a n t i t i e s  on the  bed. 
The bed-material load can be conceptual ly divided i n t o  the  bed load 
( t h a t  por t ion  of the  load t h a t  moves near the  bed) and the  suspended 
load ( t h a t  por t ion  of the  load t h a t  moves i n  suspension), although the  
d i v i s i o n  is not  precise,  
Sediment t r anspor t  r a t e  is equivalent  t o  the  sediment discharge,  
which is expressed a s  mass per  u n i t  time, 
The concentra t ions  given i n  the  da ta  set and predicted by t h e  
t r anspor t  formulas are f o r  the  bed-material load, including both bed 
load and suspended load. From t h i s  point  onward the  term concentrat ion 
w i l l  r e f e r  t o  the  bed-material- load concentration. Under f i e l d  
condi t ions  t h i s  quan t i ty  is very d i f f i c u l t  t o  measure; o f t en  the  bed 
load por t ion  is l e f t  unmeasured and must be estimated. I n  some cases,  
such as f o r  some of t h e  da ta  of Mahmood e t  a l ,  ( 1979), t h e  estimated 
por t ion  of t h e  load may represent  80 percent  of the  concentration. I n  
the  case of the  NEDECO ( 1973) da ta ,  t h e  sampling procedure included 
mate r i a l  a s  f i n e  a s  0.05 mm, i n s t ead  of the  usual  c u t o f f  of  0.062 mm. 
Neither of these  da ta  s e t s  was used i n  t h e  analyses of sediment 
t r anspor t  formulas. 
Ten va r i ab les ,  inc luding bed form codes, a r e  given f o r  each 
observation, Bed form c l a s s i f i c a t i o n s  a r e  a s  given by Vanoni (1975, 
p, 160). Actual flume measurements, without adjustment f o r  s idewal l  
roughness, a r e  given i n  the  tables .  (Sidewall  co r rec t ions  f o r  
labora tory  d a t a  have been used i n  t h e  analyses t h a t  follow.) 
While g r e a t  ca re  has been taken t o  reduce a l l  d a t a  sets t o  common 
var iables ,  i n  some cases it  was not poss ib le  t o  achieve complete 
consistency between data  se t s .  Space l i m i t a t i o n s  do not permit a 
de ta i l ed  account of a l l  o f  the  procedures and assumptions t h a t  were used 
t o  reduce each d a t a  set t o  common terms. P o t e n t i a l  use r s  of the  da ta  
base a r e  urged t o  consult  the  o r i g i n a l  sources of the  data. 
The d a t a  t abu la t ions  and descr ip t ion  of the  e n t r i e s  a r e  given i n  
Report KH-R-43B. The r e fe rences  f o r  the da ta  have been compiled - 
sepa ra t e ly  from t h e  l i t e r a t u r e  re ferences .  
CHAPTER 3 
REVIEW OF METHODS FOR CALCULATING FLOW DEPTH I N  SAND-BED CHANNELS 
The problem of determining the  ve loc i ty  and depth of Mow f o r  a 
given discharge of a r i v e r  has long been a subjec t  of i n t e r e s t  t o  
hydraul ic  engineers, and more r e c e n t l y  t o  numerical modelers, A 
numerical model r equ i res  a l o g i c a l  scheme, whereby s t age  and v e l o c i t y  
can be predicted f o r  a channel of  given dimensions, bed mate r i a l ,  bed 
s lope ,  discharge,  and water temperature, For c e r t a i n  ranges of these  
parameters, mul t ip le  values of sediment discharge and flow depth may be 
poss ib le ,  a s  discussed by Kennedy and Brooks ( 1965)" However, the  
engineer  is o f t en  faced wi th  t h e  problem of designing a channel t o  
accommodate a given discharge with a given bed slope and an unknown 
sediment discharge. Therefore, this chapter  considers  the  problem where 
sediment discharge is assumed t o  be unknown, and explores poss ib le  
s o l u t i o n s  f o r  uniform flow depth a s  a funct ion  of discharge,  bed s lope ,  
and bed-sediment and f l u i d  propert ies .  Later ,  t he  development of a 
model w i l l  r equ i re  adaptat ion of such a r e l a t ionsh ip  f o r  unsteady, 
nonuniform flows. 
3.1 Statement of Purpose 
A technique is sought, whereby an engineer can d i r e c t l y  c a l c u l a t e  
the  uniform o r  normal flow depth of a channel with a given u n i t  
discharge, and which can a l s o  be used i n  a numerical model f o r  unsteady, 
nonuniform flows. Such a technique should: 
1. Agree with experiences gained i n  both the  labora tory  and t h e  
f i e l d  ; 
2. Include confidence limits o r  some s t a t i s t i c a l  ana lys i s  of the  
inpu t  da ta  t o  i n d i c a t e  expected e r r o r s ;  
3. Be e a s i l y  adaptable t o  computer modeling app l i ca t ions  which may 
r e q u i r e  thousands o r  mi l l ions  of depth of flow ca lcu la t ions ;  
4. Provide so lu t ions  f o r  a wide range of independent variables.  
S ix  techniques f o r  p red ic t ing  f r i c t i o n  f a c t o r  (which r e l a t e s  
ve loc i ty  t o  shear  ve loc i ty )  a r e  examined f o r  t h e i r  usefulness  a s  stage 
pred ic to r s  i n  a moveable-bed r i v e r  model. Each technique has been 
rearranged so  t h a t  given u n i t  discharge and slope,  along wi th  o the r  
independent va r i ab les ,  one can d i r e c t l y  determine flow depth. The s i x  
schemes are those of Alam, Cheyer and Kennedy (1966); Chu and Mostafa 
(1979); E ins te in  and Barbarossa (1952); Engelund (1967); Garde and 
Ranga Raju (1977); and White, P a r i s  and Bettess (1979). Although each 
technique has provided an important con t r ibu t ion  t o  the  f i e l d ,  none 
s a t i s f i e s  a l l  o f  the  c r i t e r i a  l i s t e d  above. Therefore, a new technique 
i s  presented which does s a t i s f y  t h e  four c r i t e r i a .  
The reader  is re fe r red  t o  the  r epor t  of the  ASCE Task Force (1963) 
f o r  an exce l l en t  h i s t o r i c a l  review of the  problem of predic t ing  f r i c t i o n  
f a c t o r s  i n  open channels. Reviews of many f r i c t i o n  f a c t o r  p red ic to r s  
can be found i n  Vanoni (19751, Garde and Ranga Raju ( 19771, and Jansen, 
e t  a l ,  ( 1979). It w i l l  be assumed t h a t  the  the  reader  has some 
f a m i l i a r i t y  with these  techniques. 
3.2 General Form of Velocity Equations 
S t r i c k l e r  (1923) l i s t e d  22 ve loc i ty  formulas f o r  open channels, 
whereby, a s  of 1914, s t a g e  could be predicted. Most of these  equations 
a r e  power laws r e l a t i n g  mean flow ve loc i ty  t o  d i f f e r e n t  powers of 
hydraulic  r a d i u s  and hydraulic  slope. Two formulas remain i n  wide 
useage today, the  one a t t r i b u t e d  t o  Manning, v = r * ' ~ ~ / ~ / n  (metric  u n i t s ) ,  
and the  Chezy equation, V=C- where v is mean veloci ty ,  r is hydraulic  
radius ,  S is the  slope of the  hydraulic grade l i n e ,  and n and C a r e  
known a s  the  Wanningn and flChezyw c o e f f i c i e n t s ,  respect ive ly .  Both of 
these  empirical  equations have dimensional c o e f f i c i e n t s  which must be 
estimated f o r  a  given appl ica t ion .  
A more modern formulation is  based on dimensional ana lys i s  and t h e  
concept t h a t  the  mean shear  s t r e s s ,  T = p g r s ,  i n  which P i s  the  dens i ty  
of  the  f l u i d ,  and g is g r a v i t a t i o n a l  accelera t ion ,  i s  proport ional  
1 
t o  i p ~ t  This g ives  the  Darcy-Weisbach equation: 
where u* is known a s  the  shear  veloci ty.  This equation is conceptual ly 
sound, and f is dimensionless. 
A dimensionally cons i s t en t  Manning-type equation can be crea ted  by 
def in ing f r i c t i o n  f a c t o r  i n  the  following manner: 
where a is a c o e f f i c i e n t  of p ropor t iona l i ty  and k, is a measure of bed 
roughness. I f  Eq. 3.2 holds,  then  Manning's n (metr ic  u n i t s )  can be 
defined by 
After comparing t h e  Manning and Darcy-Weisbach equations, the  ASCE 
Task Force ( 1963) concluded t h a t  : 
n A t  t he  present  (1961) s t a t e  of knowledge, if applied wi th  
judgement, both n and f a r e  probably equal ly  e f f e c t i v e  i n  
t h e  s o l u t i o n  of p r a c t i c a l  p r ~ b l e m s . ~  
This comment suggests  t h a t  Eq. 3.2 may form a reasonable d e f i n i t i o n  of 
f r i c t i o n  f a c t o r ,  i n  many p r a c t i c a l  s i tua t ions .  
3,3 Fixed-Bed F r i c t i o n  Fac to r s  
F r i c t i o n  f a c t o r s  f o r  turbulent  flow in  fixed-bed channels have 
t h e i r  r o o t s  i n  t h e  c l a s s i c  sand-roughened pipe experiments conducted by 
Nikuradse ( 1  933). The fixed-bed concept may be general ized t o  include 
some r i v e r s  with g rave l  beds, which, although not  s t r i c t l y  f ixed,  do not 
form dunes o r  ba r s  i n  t h e  manner of sand bed streams, The ASCE Task 
Force (1963) has reviewed t h i s  topic  i n  some d e t a i l ,  and only a b r i e f  
discussion,  p e r t i n e n t  t o  t h e  l a t e r  der iva t ions ,  i s  given here. 
For high bed Reynolds numbers (u* ks/v), t h e  da ta  of Nikuradse, 
based on experiments wi th  sand-roughened pipes g ive  
1 2 r  14.8r 
- = 2 log r;+ 1.74 = 2 log  -fi s ks 
Here, pipe flow is analagous t o  channel flow with diameter replaced by 4 
times the  hydraulic  radius.  A s  discussed by the  writer (1981), t h e s e  
da ta  a r e  the  bas i s  f o r  the  f u l l y  rough region of the  Moody pipe  f r i c t i o n  
diagram. The t r a n s i t i o n a l  region between smooth and f u l l y  rough 
condi t ions  is defined by the  magnitude of the  bed Reynolds number: 
A s  i l l u s t r a t e d  i n  Fig. 3,1, rough condi t ions  include mst flow depths 
one might encounter i n  gravel-bed channels. 
F r i c t i o n  f a c t o r s  f o r  bed Reynolds numbers less than 100 can be 
obtained from the  diagram o r  equations given by t h e  writer (1981), based 
on Nikuradse data;  o r  from the  Moody diagram ( S t r e e t e r ,  1971) o r  the  
Colebrook-White t r a n s i t i o n  function,  upon which it is based. The 
Nikuradse da ta  show t h a t  f r i c t i o n  f a c t o r  decreases and then increases  as  
Reynolds number decreases, while the  Colebrook-White da ta  show a 
corresponding steady increase  i n  f ,  through the  t r a n s i t i o n  region. 
Therefore, the  value of f r i c t i o n  f a c t o r  f o r  a channel with a 
t r a n s i t i o n a l  Reynolds number cannot be determined wi th  ce r t a in ty .  
An e a r l i e r  equation, proposed by S t r i c k l e r  ( 19231, i s  based on data 
from gravel-bed r i v e r s  and fixed-bed channels. The equation, now known 
a s  the  Manning-Strickler equation, i s  equivalent  t o  Eq. 3.2 wi th  a = 
7.66 and wi th  k s d e f i n e d  a s  the  mean gravel- par t ic le  s ize .  The 
Manning-Strickler equation and the  Nikuradse Eq. 3.4 a r e  p lo t t ed  i n  
Fig.  3.2, along with the  mean values of the  f u l l y  rough Nikuradse data. 
Figure 3.2 shows t h a t  f o r  the  range of r e l a t i v e  roughness used by 
Figure 3.1 Limits of smooth and fully rough flow, and initiation 
of motion from the Shields diagram in Vanoni (1975), 
based on T = 20' C, v = m2/s. 

Nikuradse, t h e  semilogarithmic Eq. 3.4 i s  almost i d e n t i c a l  t o  t h e  power 
law, Eq. 3.2, with a = 8.32. 
F ie ld  da ta  f o r  very low values of r e l a t i v e  roughness, r/k (e.g. flow 
S 
over boulders)  o f  Limerinos (1970) suggest  t h a t  the  semi- logarithmic 
form may be more appropriate than a simple power law, when one considers  
such extreme values of r e l a t i v e  roughness. However, f o r  low values of 
r e l a t i v e  roughness, experiments of Bayazit (1976) o f  flow over 
hemispheres, suggest  t h a t  the  semi-logarithmic Eq. 3.4 i s  c o r r e c t  only 
when k, is replaced by 2.5 times the  diameter of the  hemispheres. 
Therefore, whether due t o  the  uncer ta in ty  i n  determining k,, o r  t o  the  
d i f fe rences  between pipe and open channel r e s i s t ance ,  i t  seems t h a t  a 
power l a w ,  such a s  Eq. 3.2, w i l l  g ive  r e s u l t s  of  accuracy equivalent  t o  
~ q ,  3.4, i n  many cases. 
3.4 Ex i s t ing  Stage-Discharge Pred ic to r s  
The s i x  techniques discussed here have been reworked t o  i i r e c t l y  
answer the  question: given u n i t  discharge,  s lope ,  bed-material 
p roper t i e s ,  and temperature, what w i l l  be the  depth of flow, o r  
hydraulic  radius?  The techniques have been se lec ted  on the  b a s i s  of the  
following c r i t e r i a :  ( 1 )  they seem reasonable t o  the  writer o r  have 
achieved some degree of acceptance, (2 )  they a r e  dimensionally 
cons i s t en t ,  and (3 )  they a r e  self- contained. The t h i r d  c r i t e r i o n  
e l iminates  those techniques which requ i re  a knowledge of bed form, bu t  
do not spec i fy  how one would determine the  bed form f o r  a p a r t i c u l a r  
flow condit ion.  
Garde and Ranga Raju (1977) have considered stage-discharge, o r  
f r i c t i o n  f a c t o r  p red ic to r s  i n  two ca tegor ies ,  those t h a t  d iv ide  
r e s i s t a n c e  i n t o  g r a i n  r e s i s t ance  and form res i s t ance ,  and those t h a t  do 
not. The divided approach assumes t h a t  f r i c t i o n  f a c t o r ,  f = f * + f n ,  
where f f  i s  f o r  f lat- bed g r a i n  r e s i s t ance  and f n  i s  f o r  the  added 
r e s i s t a n c e  of bed forms. The quant i ty  f1 i s  usua l ly  determined from one 
of the  fixed-bed r e l a t i o n s  previously discussed,  by assuming e i t h e r  S = 
St + Sw o r  r = r1 + rn,  and then replacing f by f t  and S by Sl o r  r by 
r1 i n  t h e  appropr ia te  diagram or equations. While the  divided and 
non-divided approaches represent  d i f f e r e n t  conceptual izat ions of the  
problem, t h e  w r i t e r  does not f e e l  t h a t  e i t h e r  technique is c l e a r l y  
super io r  o r  more va l id  than the  other.  Therefore, here both the  divided 
r e s i s t a n c e  approach and the  s ingular  approach a r e  considered together ,  
A t  t h i s  point  a few words about nota t ion  a r e  worthwhile. Since 
none of the  techniques discussed deal with channel width, i t  has been 
assumed t h a t  they apply t o  wide channels, f o r  which hydraulic r a d i u s  and 
mean flow depth a r e  equivalent.  For consistency, hydraulic  r ad ius  has 
been s u b s t i t u t e d  f o r  flow depth i n  those cases  where flow depth was used 
i n  the  o r i g i n a l  analysis .  Unit discharge is therefore  defined a s  q = 
vr. For labora tory  flume data ,  the  s idewal l  co r rec t ion  of Vanoni and 
Brooks (1957) has  been used t o  def ine  a bed hydraul ic  r ad ius  which is 
equivalent  t o  t h e  mean depth of an i n f i n i t e l y  wide channel with the  same 
slope,  ve loc i ty ,  and bed f r i c t i o n  f a c t o r  a s  the  flume, Therefore, the  
subsc r ip t  b, sometimes used on r and f t o  i n d i c a t e  t h a t  a s idewal l  
cor rec t ion  has been performed, has been omitted. F ina l ly ,  w i t h  the  
exception of a few d e f i n i t i o n s ,  unique t o  ind iv idua l  authors,  a l l  
no ta t ion  has been converted t o  a common convention. 
4 . 1  Alam, Cheyer and Kennedy Analysis (1965) 
This technique is a divided- resistance approach, which assumes S = 
S t  + Sn. The technique is  s imi la r  t o  the  more recent  Alam and Kennedy 
(1969) version,  except f o r  the  manner i n  which the  g r a i n  f r i c t i o n  f a c t o r  
is determined. The e a r l i e r  technique is discussed here because the  
geain  r e s i s t a n c e  is determined from a standard Moody diagram, and can 
e a s i l y  be expressed i n  equation form, by the  Colebrook-White equation. 
The diagrams f o r  determining f w  f o r  the  two vers ions  a r e  near ly  
i d e n t i c a l ,  t he re fo re  the  d iscuss ion of the  e a r l i e r  a n a l y s i s  could be 
adapted t o  apply t o  the  l a t e r  version. 
Using dimensional ana lys i s ,  Alam, Cheyer and Kennedy (1966) crea ted  
a diagram based on the  following r e l a t i o n s ;  
r v f "  = funct - 
(D50 ' 6 '
and the  Colebrook-White equation, 
where R 4q/v i s  Reynolds number. 
A diagram (Fig. 3.3) can be constructed whereby, given q, S, R ,  g, 
and D50 one can determine r / D  and f n  d i r e c t l y ,  Taking the  product of 50 
t h e  independent dimensionless groups i n  Eq. 3.6, and def in ing q, = 
REPLOT OF ALAM-CHEYER-KENNEDY GRAPH 
Figure  3.3 Replot of Alam, Cheyer and Kennedy (1966) 
diagram f o r  determining f". So l id  l i n e s  
were determined from E q s .  3.7 and 3.9.  
Dashed l i n e s  a r e  from t h e  o r i g i n a l  diagram 
i n  t h e  form of Eq. 3.8. 
q/ Jg~5;) , y i e l d s  
f "  = funct q*, - Droi 
while the  d e f i n i t i o n  of' f r i c t i o n  f a c t o r  y i e l d s  
Figure 3.3 was crea ted  from Eqs. 3.8 and 3.9, wnere tne  r e l a t i o n  
described by Eq. 3.8 was taken from tne  A l a m ,  Cheyer and Kennedy ( 1966, 
F i g .  12) diagram. 
I 
For the  purposes a t  hand, t h e r e  a r e  severa l  problems wi th  tne  
app l i ca t ion  of Fig. 3.3. 1 )  Computer coding would be d i f f i c u l t ,  and tne  
r e s u l t i n g  algorithm would undoubtedly be computationally slow. 2) For 
l a r g e  and small values 01 q, on the  diagram, t h e  curves o r  conscant 
q, and constant  q i / 8 ~  a r e  near ly  p a r a l l e l ,  suggest ing t n a t  tne re  a r e  
* 
v i r t u a l l y  no s o l u t i o n s  i n  tnese  regions. 3) For l a rge  r i v e r s ,  such as 
t h e  Miss iss ippi ,  q, may be l a r g e r  tnan any values found on Fig. 3.3, 
which has exac t ly  t h e  same range o r  a p p l i c a b i l i t y  a s  t n e  o r i g i n a l  
diagram or' A l a m ,  Cheyer and Kennedy. 
3.4.2 Chu and Mostafa Analysis (1979) 
6; 
The technique presented by Chu and Mostafa (1979) i s  e s s e n t i a l l y  a 
mathematical expression of the  graphica l  technique presented by Mostafa 
and McDermid (1971). The newer ana lys i s  allows a s t r a i g h t f o r w a r d  
adapta t ion  or' t he  technique t o  numerical modeling applications. The 
a n a l y s i s  i s  based on the det ' in i t ion  of a dimensionless Manning 
*As f "  approaches  0 ,  q, and q i / 8 ~  are no l o n g e r  independen t .  
c o e f f i c i e n t ,  CM, wnich is equivalent  t o  t n e  inver se  of the  
Manning-Strickler a i n  Eq. 3.2, with ks = D50. 
Using nonlinear curve f i t t i n g  techniques, Chu and Mostafa (1979) 
developed tne  following equations 
D 50 6.583 . F- D5 0 CM = 0.037(d) [ 0 . 2 2 8 ( 7 )  + 0.7851 + 0.122 (3.10a) 
D50 
... f o r  -6 < 5 
and 
D50 > 5 ... f o r  -6 
where F = v / G  = Froude number and 6 = 11.6v/u, = t h i ckness  of' the  
laminar sublayer. A de ta i l ed  desc r ip t ion  of the  da ta  used t o  derive tne 
equat ions  is not avai lable .  However, from Mostafa and McDermid ( 1 ~ 7 1 ,  
Figs. 2-F. 12 and 2-F. 1 3) ,  t h e  diagram corresponding t o  Eq. 3.10a snows 
about 100 measurements from 4 r i v e r s  and 44  runs  from one s e t  of 
l abora to ry  data ,  m i l e  tne diagram corresponding t o  Eq. 3.10b snows 28 
measurements on gravel-bea canals  from Lane and Carlson (1953). The 
range o r  a p p l i c a b i l i t y  of  Eqs. 3.10 i s  apparent ly  0.122 < C < 0.45 and 
M 
0.15 < F < 1.0. 
The fol lowmg equations can be determined from tne d e r i n i t i o n s  or 
C and 6, with R = J g ~ 5 ; ) / ~ :  
M g 
where a and B a r e  dimensionless groupings of' q, S,  D50, v and g, a s  
der-ined here. By combining Eqs. 3.10a and 3.11 b, one can obta in  an 
equat ion  f o r  C i n  t e r m s  of F and 6 , and, along wi th  Eq. 3.11a, one has 
M 
a s e t  of equations which de f ine  F and CM i n  terms of a and B .  Figure 
3.4 was developed i n  t h i s  manner, and can be used to determine F and %, 
when D / B  i s  l e s s  than f ive .  50 
An expression f o r  F, f o r  values of D50/6 > 5, can be determined by 
combining Eqs. 3.10b and 3.11a. I n  p r inc ip le ,  t h e  r e s u l t i n g  equation, 
i n  conjunction with Fig. 3.4, should complete the  theory, 
I n  r e a l i t y ,  a simple example shows t h a t  t h i s  is not the  case. To 
i l l u s t r a t e  the  point ,  we can consider the  example where S = 0.0005, 
2 D50 = 0.24 mm, T = 20" C and q = 1 m /s. The ca lcula ted  values of the  
r i g h t  s i d e s  of Eqs, 3.11a and 3.11b a r e  0.08 and 1.00, respect ive ly .  and 
from Fig. 3.4, F = 0.31 and CM = 0.30, and from Eq. 3.11b, D50/6 = 1.5. 
Now, i f  we assume t h a t  we are considering a uniform river- flow problem, 
w e  may wish t o  increase  the  u n i t  discharge, while holding a l l  o the r  
independent va r i ab les  constant.  I f  q is increased t o  8 m 2 / s ,  then the  
es of E ~ s .  3.11a and 3 . l l b  a r e  increased t o  0.10 and 2.00, 
respect ive ly .  An inspec t ion  of Fig. 3.4 i n d i c a t e s  t h a t  no so lu t ion  is 
avai lable .  We may suspect  t h a t  Eq. 3.12 w i l l  now be applicable.  
However, s u b s t i t u t i o n  i n t o  t h i s  equation g ives  Froude number, F = 16.7, 
an unreasonable value, and ca lcu la t ion  of D / 6  i n d i c a t e s  t h a t  t h i s  50 
equation is  not appl icable  e i t h e r .  This example i l l u s t r a t e s  a t y p i c a l  

problem one might encounter f o r  Froude numbers less than 0.5, s ince ,  i n  
t h i s  region of Fig. 3.4, t h e  s o l i d  and dashed curves a r e  nea r ly  p a r a l l e l  
( t h i s  po in t  was mentioned b r i e f l y  i n  Vanoni, 1975, p.145). 
3.4.3 E ins te in  and Barbarossa Analysis (1952) 
The concept of a form- resistance diagram was developed by Eins te in  
and Barbarossa (1952). Although the  technique is now near ly  30 years  
o ld ,  i t  is still probably the  most widely quoted of any e x i s t i n g  
techniques. The technique uses  the  divided hydraulic  r ad ius  approach, 
When the  g r a i n  roughness produces f u l l y  reugh condit ions,  r ?  can be 
determined from the Manning-Strickler equation, i n  the  form 
where a = 7.66, For those cases where g r a i n  roughness does not produce 
f u l l y  rough condit ions,  E ins te in  and Barbarossa presented a 
semilogarithmic equation with a term which must be determined 
graphica l ly .  This equation is i n  agreement with the  Nikuradse (1933) 
d a t a  and may be replaced by the  equations given by the  writer (1981) 
which do not r e l y  on any g raph ica l ly  determined terms. The simple form 
of Eq. 3.2 al lows a c l ean  ana lys i s  of t h e  technique, while the  
semilogarithmic equation does not. Therefore, fu r the r  d iscuss ion of the  
technique is r e s t r i c t e d  t o  f u l l y  rough conditions. This r e s t r i c t i o n  is 
not  too ser ious ,  s ince  both equations y i e l d  similar values  of r \  f o r  
most f i e l d  condit ions,  even when the  flow is not s t r i c t l y  f u l l y  rough, 
The Einstein-Barbarossa (1952) diagram, is of the  form 
and from Eq. 3.13 and the  f a c t  t h a t  rw = r - r t  , one can der ive  
Figure 3.5 was created from Eqs. 3.14a and 3,14b. 
A s  discharge va r i e s ,  f o r  a given channel with uniform flow 
(constant  s lope) ,  t h e  so lu t ion  w i l l  move along the  s o l i d  l i n e s  on 
Fig,  3.5. The diagram i n d i c a t e s  t h a t  a s  discharge decreases, f n  
i n c r e a s e s  monotonically. When f n  i s  about 0.17, regardless  of any o ther  
va r i ab les ,  t h e  dimensionless grain- shear stress r;, = P r ' S /  (PC P = 
0.062, which is sometimes taken as the  c r i t i c a l  value f o r  i n i t i a t i o n  of 
motion. Below t h i s  value f W  continues t o  inc rease  a s  discharge is 
decreased, ind ica t ing  high res i s t ance ,  apparent ly  from res idua l  
bedforms. Beyond t h e  c r i t i c a l  shear  stress, about a twenty-fold 
inc rease  i n  u n i t  discharge causes the  form res i s t ance  to s t e a d i l y  
decrease t o  almost nothing, suggest ing f = f ' .  A l a t e r  comparison shows 
t h a t  f o r  some channels t h i s  v a r i a t i o n  i n  f n  i s  too  exaggerated. 
3 4 . 4  Engelund Analysis ( 1967 ) 
I n  p r inc ip le ,  t h i s  technique is based on the  divided s lope  
approach, but i n  ac tua l i za t ion ,  t h e  divided hydraulic  r ad ius  is  used. 
The a n a l y s i s  is based on the  assumption t h a t  Sn i s  the  d i r e c t  r e s u l t  of 
expansion l o s s e s  t h a t  occur as a f l u i d  flows over dunes. Furthermore, 

i t  is assumed t h a t  rSr = r r S ,  thereby convert ing t o  a  divided hydraulic  
r ad ius  approach, Def in i t ion  of Sf i n  such a manner is not i n  agreement 
with the  concept of St a s  defined i n  the  in t roduct ion  t o  t h e  d iscuss ion 
o f  t h e  var ious  techniques. Ver i f i ca t ion  of the  ana lys i s  is based on 
labora tory  d a t a  from runs using four  d i f f e r e n t  sands, published by Guy 
e t  a l .  (1966). I n  a l l ,  148 runs  are published ( f o r  these 4 sands) ,  but  
i t  appears t h a t  about ha l f  t h i s  number were ac tua l ly  used by Engelund 
(1967)- 
The quan t i ty  r t  i s  defined by 
v r ' 
-7 = 6 + 2.5 I n  - = 5.76 l o g  5 .51r1 
u* 2D65 D65 
which agrees  with the  f u l l y  rough Nikuradse data  and g ives  near ly  the  
same r e s u l t s  a s  Eq. 3.4. Once r' is determined, i t  is poss ib le  t o  
determine T, by t h e  empirical  formulas f o r  the  lower flow regime 
( r i p p l e s  and dunes): 
and f o r  the  upper flow regime (plane bed, s tanding waves and antidunes):  
1 for T*' <1 (3.16b) 
r* = { '* 
-1.8 -1/1.8 ( 1 . 4 2 5 ~ ~ '  - 0.425) . . . fo r  r* l>l  ( 3 . 1 6 ~ )  
7 
Equations 3.16a and 3.1 6b a r e  given by the  author, while Eq. 3 . 1 6 ~  was 
developed from the  author's diagram (Engelund, 1967, p. 289). The 
equations f o r  upper and lower flow regimes p l o t  a s  discontinuous l i n e  
segments with the  t r a n s i t i o n  occuring a t   about^,' = 0,55. 
Equations 3.16a-c can be represented i n  the  general  form 
Also, rearrangement of Eq. 3,15 y i e l d s  
A s  f o r  previous techniques, the  des i red  graphica l  representa t ion  
(Fig. 3.6) of  the  technique is now possible,  Using Fig. 3.6, i t  is 
poss ib le  t o  d i r e c t l y  determine T, and r' /D65. 
Equations 3.16a-c a r e  easy t o  program and have been compared with 
t h r e e  s e t s  of d a t a  i n  Figs. 3.7a-c. Data of Guy e t  al. (1966) a r e  shown 
i n  Fig, 3.7a, which inc ludes  almost a l l  of  the  da ta  used i n  the  o r i g i n a l  
ana lys i s ,  p l u s  add i t iona l  data. Here, sands with f a l l  diameter (not  
\ 
s i e v e  diameter)  D values of 0.19, 0.27, 0.28, 0.45 and 0.93 mm a r e  5 0 
p lo t ted .  F ie ld  da ta  from the  Miss iss ippi  River a t  Tarbert  Landing, LA . 
( T o f f a l e t t i ,  l968),  D 50 about 0.25 mm. and labora tory  da ta  of Williams 
( 1970), D50 = 1.35 mm, a r e  p lo t t ed  i n  Figs. 3.7b and 3.70, respect ive ly .  
(Note - Although W i l l i a m s  used many channel widths i n  his experiments, 
only  da ta  from the  two widest  channels a r e  shown i n  Fig, 3.70.) 
The diagrams which comprise Fig. 3.7 suggest  t h a t  more refinement 
of t h i s  technique would be necessary before general  app l i ca t ion  could be 
recommended. Figure 3.7a shows t h a t  a few measurements i n  the  chute-and- 
pool bed c l a s s  have s t r o n g l y  inf luenced t h e  v e r t i c a l  asymptote on t h e  
upper curve. Figure 3.7b suggests  t h a t  more work is necessary i n  

Figure 3 .7a  Comparison of Engelund technique with data of 
Guy et al. ( 1 9 6 6 ) .  
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Figure 3.7b Comparison of Engelund technique with data for 
the Mississippi River, Tarbert Landing, Louisiana. 
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Figure 3 . 7 ~  Comparison of Engelund technique with data of 
Williams (1970). 
def in ing t h e  t r a n s i t i o n  region. The coarse sand data of Williams 
(1970), p l o t t e d  i n  Fig, 3.7c, imply t h a t  the  inc lus ion of some other  
v a r i a b l e  may be necessary f o r  c e r t a i n  ranges of data. 
3,4.5 Garde and Ranga Raju Analysis (1970) 
The o r i g i n a l  ana lys i s  f o r  t h i s  technique was given by Garde and 
Ranga Raju ( 1966), later revised  by Ranga Raju ( IWO), and summarized by 
Garde and Ranga Raju (1977). It is the  revised  vers ion  which is 
considered here. The technique does not employ the  concept of divided 
res i s t ance .  I n  f a c t ,  t h e  technique does not even requi re  the  
c a l c u l a t i o n  of a f r i c t i o n  f a c t o r ,  pe r  se, 
Ranga Raju (1970) graph ica l ly  presented a funct ion  of the  form 
where 5 and 5 a r e  funct ions  of mean p a r t i c l e  s i z e  and FR, a s  defined 
here,  i s  a modified Froude number, By mult iplying the  independent 
v a r i a b l e  i n  Eq. 3.1 8 by the  dependent va r i ab le  r a i sed  t o  the 2/9 power, 
a r e l a t i o n  represented by 
can be determined, which is p lo t t ed  i n  Fig. 3.8. 
Like the  Engelund (1967) ana lys i s ,  Fig, 3.8 suggests t h a t  an upper 
and a lower regime e x i s t ,  separa ted  by a t r a n s i t i o n  zone, However, i n  
c o n t r a s t  t o  the  Engelund technique, i n  Fig, 3 .8 ,  t h e  t r a n s i t i o n  occurs 
a s  a continuous function,  For a given bed mater ia l  and slope,  Froude 
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Figure 3.8 Replot of Ranga Raju (1970) diagram for determining densimetric 
Froude number, . F~ 
number is a weak funct ion  of u n i t  discharge,  i.e. going t o  about the  
0.10 power of u n i t  discharge f o r  both the  upper and lower regimes, 
Therefore, f o r  e i t h e r  of these  regimes, a ten- fold inc rease  i n  u n i t  
d ischarge  causes only a 26 percent  r i s e  i n  Froude number. 
Although Garde and Ranga Raju (1977) have not provided a r igorous 
s t a t i s t i c a l  ana lys i s  of the  da ta  they used, they have given some 
i n d i c a t i o n  of the  expected accuracy of t h e i r  technique, For 90 percent 
of  the  p lo t t ed  data,  they have s t a t e d  t h a t  mean ve loc i ty  was predicted 
t o  wi th in  30 percent  accuracy. Although a l a r g e  body of da ta  was used 
i n  t h e  analys is ,  t h i s  is not an independent check of the  technique, but 
merely a statement of the  observed e r ro r s .  
If the  technique is t o  be adapted t o  numerical modelling 
app l i ca t ions ,  a s p e c i f i c  funct ion  must be f i t t e d  t o  the  curve i n  
Fig, 3.8. The curve can be very c l o s e l y  approximated by th ree  s t r a i g h t  
l i n e s  which, a f t e r  rearranging,  a r e  represented by 
3.46 .... f o r  KIFR 2 0.33 (3.20a) 
3 . 4 6  c 6.73 log(3K1FR) .... f o r  1 > KIFg > 0.33 (3.20b) 
6.67 .... f o r  K F > 1 ( 3 . 2 0 ~ )  1 R -  
Equation 3,20 i s  similar t o  the  Manning-Strickler Eq. 3,2, with the  
cons tant ,  a ,  replaced by a funct ion  of D50. For D50 > 1.5 mm. Eq. 3 . 2 0 ~  
(upper flow regime) g ives  a =13.2 ( i n  Eq. 3-21, which is not too close t o  
t h e  value of a = 7.66 given by S t r i c k l e r  (1923). 
If  we consider only the  lower regime, f o r  a given channel, i.e. bed 
mate r i a l  and s lope  f ixed (assuming uniform flow), two f a c t s  about 
Eq, 3,20a are evident,  F i r s t ,  Manning's n is constant,  and not a 
func t ion  of discharge. Second, t r a n s i t i o n  begins when a c e r t a i n  Froude 
number is reached. This Froude number is not  a funct ion  of s lope,  and 
depends only on K a funct ion  of D 
1 ' 50' 
The ana lys i s  presented i n  the  
next  chapter  suggests  t ha t  Froude number v a r i e s  s l i g h t l y  wi th in  a flow 
regime and t h a t  the  t r a n s i t i o n  is somewhat d i f f e r e n t  than indica ted  
here. Nevertheless, t h e  work of Garde and Ranga Raju have provided 
important c lues  f o r  the  development of the  new technique. 
3.4.6 White, Paris and Be t t e s s  Analysis (1979) 
A s  o r i g i n a l l y  presented, t h i s  technique does not u t i l i z e  the  
divided r e s i s t a n c e  concept, however, l i k e  t h e  Engelund (1967) analys is ,  
t h e  dimensionless shear  s t r e s s  can be r e l a t e d  t o  a dimensionless g ra in  
shear- stress.  White, P a r i s  and Be t t e s s  (1979) have provided both 
g raph ica l  and equational  representa t ions  of t h e i r  technique, a s  w e l l  a s  
a s t a t i s t i c a l  ana lys i s  of the er rors .  
The authors have given two versions of t h e i r  technique; one using 
D35 of the  parent bed mate r i a l  and one using D65 of the  su r face  
mater ia l ,  The former has g r e a t e r  accuracy and is more compatible with 
t h e  o ther  techniques discussed i n  t h i s  'paper, and is the re fo re  discussed 
here, For t h i s  version,  a dimensionless g r a i n  s i z e  is defined by 
40  
which, i n  turn, is used t o  def ine  the  q u a n t i t i e s  
0 . . . for 
n = {  
1.0 - 0.56 log D ... for 
g r 
( 0 . 1 7  . . . for 
and A = [ 0.23 Dgr -112 + 0.14 ... for 
U t i l i z i n g  a divided s lope  approach, i t  is  
g r a i n  shear- velocity by 
v 
u*' = 
log (10r/D35) 
poss ib le  t o  def ine  a 
and the  corresponding dimensionless g r a i n  shear- st ress  a s  
- The dimensionless mean shear- st ress  is then T, - ' ) Using 
t h i s  de f in i t ion ,  t h e  White, P a r i s  and Be t t e s s  (4979) method can be 
represented by 
where 
whereby, f o r  a given value of Dgr, T*' is a continuous funct ion  o f r ,  . 
It is poss ib le  t o  present  an ana lys i s  s i m i l a r  t o  t h e  one given f o r  
t h e  Engelund technique, r e l a t i n g  hydraulic  r ad ius  t o  u n i t  discharge and 
slope. However the  r e s u l t i n g  diagram (analagous t o  Fig, 3,6), due t o  
t h e  added va r i ab le  D would be too confusing t o  be of much use, It i s  
g r  ' 
more appropr ia te  t o  examine a s p e c i f i c  example, a s  i n  Fig. 3.9. The 
d a t a  i n  Fig, 3.9, D = 0.45 mm and D = 10.1, represent  a por t ion  of 
50 g r 
t h e  da ta  p lo t t ed  i n  Fig. 3.7a. While the  Engelund (1967) technique ( see  
Fig, 3.7a) p r e d i c t s  reasonably well  over t h e  whole range of da ta ,  the  
White, P a r i s  and Bettess (1979) technique (Fig, 3.9) does a b e t t e r  job 
i n  t h e  dune range, but  is otherwise a poor predic tor ,  Comparisons with 
o the r  sets of f i e l d  and labora tory  data v e r i f y  the  hypothesis  t h a t  the  
present  technique g ives  reasonable r e s u l t s  only f o r  flow over dunes. 
Under no circumstances does the  technique descr ibe  upper and lower flow 
regimes. 
The behavior displayed i n  Fig, 3.9 i s  p a r t i a l l y  explained by an 
examination of the  way i n  which t h e  technique was o r i g i n a l l y  derived. 
The key l i e s  in the  empirical  expression Eq. 3,25a, which was derived 
from a p l o t  of average values  of B, defined by a rearrangement of 
Eq, 3.25, agains t  47 values of D . The average values  of B were 
g r 
determined from 837 labora tory  experiments with sand, co l l ec ted  from 16 
inves t iga to r s ,  Only Froude numbers less than o r  equal t o  0.8 were used. 
The f a c t  t h a t  average values  were used would tend t o  reduce the  s c a t t e r ,  
while the  f a c t  t h a t  only low Froude numbers were used expla ins  why only 
t h e  lower flow regime is described, I n  t e s t i n g  the  technique with an 
extended da ta  set ( a l s o  Froude numbers less than o r  equal t o  0.8), t h e  
authors  have s t a t e d  t h a t  89 percent  of the  t o t a l  ca lcula ted  f r i c t i o n  
f a c t o r s  were wi th in  a f a c t o r  of two, while 44 percent were wi th in  0.80 
and 1,25 of the  observed value, 
Figure 3.9 Comparison of White et al. (1979) technique with 
laboratory data of Guy et al. (1966). 
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3.5 Summary 
I n  t h i s  chapter,  s i x  stage-discharge predic tors  have been 
discussed. Each technique provides some i n s i g h t  i n t o  t h e  processes 
involved, and ye t ,  no technique appears t o  provide a t o t a l l y  
s a t i s f a c t o r y  a n a l y t i c a l  t o o l  f o r  the  numerical modeller. The r e l a t i o n  
between shear  stress and g ra in  shear  stress as defined by Engelund 
(1967) i s  perhaps t h e  most sa t i s fac to ry .  
I n  Chapter 4 ,  a new technique is proposed, which t h e  w r i t e r  
be l ieves  does provide such a tool .  Near t h e  end of the  chapter ,  a 
comparison is given f o r  t h e  proposed method and t h e  techniques t h a t  have 
j u s t  been discussed. 
The assumption was made i n  t h e  ana lys i s  of t h e  s i x  techniques t h a t  
they apply t o  wide channels,  o r  t h a t  s idewal l  e f f e c t s  have been removed. 
Under t h i s  assumption the  hydraulic  radius ,  r ,  and mean flow depth, d, 
a r e  equivalent.  A l a m ,  Cheyer, and Kennedy (1965); Eins te in  and 
Barbarossa (1952); and Garde and Ranga Raju (1970) a c t u a l l y  used r i n  
t h e i r  analyses,  while the  o the r s  used mean flow depth, d ,  which w a s  
called r in the analysis. 
CHAPTER 4 
A PROPOSED METHOD FOR CALCULATING FLOW DEPTH I N  SAND-BED CHANNELS 
The foregoing a n a l y s i s  of ava i l ab le  techniques ind ica tes  t h a t  none 
of those t h a t  a r e  described s a t i s f y  t h e  four des i red  a t t r i b u t e s  
e s t ab l i shed  i n  Chapter 3, Nevertheless, each of the  analyses is useful  
and has provided i n s p i r a t i o n  f o r  the  de r iva t ion  t h a t  follows. The 
proposed technique is easy t o  use and requ i res  no i t e r a t i o n  o r  
graphica l  i n t e r p o l a t i o n  f o r  wide channels. For labora tory  channels q = 
v r  r a t h e r  than q = vd, the re fo re ,  f o r  some app l i ca t ions  i t e r a t i o n  may be 
required. 
4.1 Dimensional Analysis 
The p a r t i c l e  s i z e s  of most r i v e r  sands a r e  approximately 
log-normally d i s t r i b u t e d ,  by weight, t he re fo re  the  sand can be described 
by two measures of g r a i n  s i z e ,  D50 and 0 and its s p e c i f i c  gravity,Ps . g ' 
Adding the  flow var i ab les  and the  f l u i d  va r i ab les  - g ives  -
Using the  T-theorem, the  9 var iab les  i n  Eq. 4.1 can be arranged i n t o  6 
dimensionless groups i n  t h e  form 
where = q/Jg~5;) and R = 4q/v . 
Since w e  a r e  pr imar i ly  i n t e r e s t e d  i n  f u l l y  rough flow, R is 
expected t o  be of secondary importance. Preliminary tests on l a r g e  
bodies of da ta  have v e r i f i e d  t h i s  conclusion. Furthermore, s i n c e  only 
sand is under considerat ion,  (p  - p ) /p  w i l l  be  constant ,  and can be put 
s 
aside.  Therefore, Eq. 4.2 can be reduced t o  
4.2 Formulation of a Pa i r  of Equations 
We a r e  now ready t o  develop a s p e c i f i c  r e l a t ionsh ip  which can be 
genera l ly  described by Eq. 4.3. It i s  assumed t h a t ,  t o  a first 
approximation, t h e  flow r e s i s t a n c e  i n  a channel w i l l  be  determined by 
t h e  l a r g e s t  s c a l e  of bed roughness. Then, f o r  flow over a dune bed, we 
might expect f r i c t i o n  f a c t o r  t o  be defined by a semilogarithmic equation 
s i m i l a r  t o  Eq. 3.4,  but with ks replaced by a measure of equivalent  dune 
roughness, kd. A s  shown i n  Fig, 3.2, t h i s  equation can be approximated 
by the  power l a w ,  Eq. 3.2. Replacement of ks in Eq. 3.2 by kd, a f t e r  
considerable rearrangement, y i e l d s  
If the  p a r t i c l e  s i z e s  of a bed mate r i a l  a r e  log-normally 
d i s t r i b u t e d ,  by weight, then any given s i z e  f r a c t i o n  can be r e l a t e d  t o  
the  mean s i z e ,  qo , by 
where z is the  number of s tandard devia t ions  from the  mean and the  
s u b s c r i p t  "sW r e f e r s  t o  the  percent  by weight of p a r t i c l e s  which a r e  
smaller than the  given s i z e ,  For example, i f  z=1, s ince  the  
d i s t r i b u t i o n  is log-normal, D = Ds4, and 84 percent of the  p a r t i c l e s  i n  
a sample, by weight, a r e  f i n e r  than Ds4. We can now def ine  a 
dimensionless shear  stress based on t h i s  p a r t i c l e  s i z e  
z by = T*/O . For non-uniform bed mate r i a l s ,  we can replace  T, i n  g 
Eq. 4.4 by T , ~ ,  thereby normalizing the  bed shear- st ress  by some 
p a r t i c l e  diameter o the r  than qo. 
One va r i ab le  appears i n  Eq. 4.4, kd , t h e  measure of dune roughness, 
which is not included i n  the  independent va r i ab les  l i s t e d  i n  Eq. 4.1. 
Therefore, kd  should, i n  f a c t ,  be a dependent var iable ,  Since t h i s  
va r i ab le  appears i n  the  equation ra i sed  t o  the  0.1 power, only l a r g e  
changes i n  kd w i l l  be important,  and an exact  d e f i n i t i o n  i s  not  a c r i t i c a l  
f a c t o r  i n  obtaining s u f f i c i e n t  accuracy i n  the  predic t ion  of T, 
Assuming t h a t  k d / q 0  i s  propor t ional  to the  product of undetermined 
powers of q, and S, upon s u b s t i t u t i o n  i n t o  E q .  4.4 (a l so  r e c a l l i n g  t h e  
d e f i n i t i o n  of T , ~  ), y i e l d s  
where w, x, y and z a r e  cons tants  t o  be f i t t e d  empirical ly.  If the  
dependence of k /D on q, and S is f a i r l y  weak, x i s  expected t o  be d 50 
approximately equal  t o  0.6 and y is expected t o  be approximately equal 
t o  0.1. 
It is poss ib le  t o  represent  Eq. 4.6 i n  a reasonably simple diagram 
z by rearranging it a s  (with T = T /a 1 
* S _  dt @ 
which can be represented by a s t r a i g h t  l i n e  on a log-log p l o t t i n g  scale.  
Lower regime ( r i p p l e  and dune) da ta ,  from labora tory  flumes, r i v e r s  and 
canals ,  gathered f r o m  22 sources, w e r e  used to f i t  the coe f f i c i en t s .  By 
taking the  logarithms of both s i d e s  of Eq. 4.6, the  c o e f f i c i e n t s  w, x, y 
and z were determined by mul t ip le  regression. The data  and the  best  f i t  
l i n e  are shown i n  Fig. 4.1. Because near ly  900 runs were used i n  the  
ana lys i s ,  on ly  every t h i r d  point  is plot ted.  The values of w, x, y and 
z are 0.3724, 0.6539, 0.09188 and 0.1050, respect ive ly ,  with a mult iple 
c o r r e l a t i o n  coe f f i c i en t ,  R = 0.992,indicat ing excel lent  agreement. 
A s i m i l a r  ana lys i s  can be performed f o r  the  f l a t  bed regime. I n  
t h i s  case, the  largest roughness s c a l e  of the  bed should be some measure 
of  the  bed material .  Therefore, kd  i n  Eq. 4.4 w i l l  be replaced by some 
s' 
and w e  can again der ive  an equation with the  form of Eq. 4.6. The 
c o e f f i c i e n t s  w i l l  t ake  on new values, and t h i s  time the values of x and 
y should be almost i d e n t i c a l  t o  0.6 and 0.1, respectively.  Furthermore, 
i f  the  S t r i c k l e r  equation is approximately c o r r e c t  with the  value a=8.32 
(see Fig. 3.2), then w should be about 0.28. 
A regress ion  ana lys i s  i d e n t i c a l  t o  t h e  one performed f o r  dune and 
r i p p l e  da ta  was performed f o r  f l a t  bed o r  upper regime data. This da ta  
inc ludes  f l a t  beds, before and a f t e r  i n i t i a t i o n  of motion, s tanding 
waves and antidunes. The same 22 da ta  sources have again been used, 
LOWER FLOW R E G I M E  
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LABORATORY DATA 
x = 0.6539 - 
C O S T E L L O  - DsO=O. 5 1  - 0 . 7 9 m m  
F O L E Y  - D S 0 = 0 . 2 9 m m  y = 0 . 0 9 1 8 8  
L A U R S E N  - Dso=O. 1  1  m m  z = 0.1050 
O N I S H I ,  E T  A L .  -, D 5 0 = 0 . 2 5 m m  
S I N G H  - D s 0 = 0 . 6 2 m m  
D A V  I E S  - DS0=0 .  1 5 m m  
P R A T T  - D S 0 = 0 . 4 8 m m  - 
T A Y L O R  - D 5 0 = 0 . 1 4 - 2 . 8 m m  
V A N O N I  A N D  B R O O K S  - Dso=O.  1 4 m m  
V A N O N I  A N D  HWANG - DS0=0 .  2 1  . 0 . 2 3 m m  - 
S T E I N  - D s o = 0 . 4 m m  
W I L L I A M S  - = 1  . 3 5 m m  
B R O O K S  - DS0=0 .  0 8 8 . 0 . 1  4 5 m m  
GUY E T  A L .  - D s O - 0 .  1 9 - 0 . 9 3 m m  
N O R D I N  - DS0=0 .  2 5 , l  . 1 4 m m  FIELD DATA 
K R I O  G R A N D E  C O N V . C H .  D s o - 0 . 2 m m  - 
>a M I S S O U R I  R .  - D s o - O . 2 l m m  - 
'+ * M I S S .  R . / A T C H .  R .  - Dso-O.2mm 1 
=*s (7)-0 . 3 7 2 4 ( ~ , ~ ) ~ ~ ~  0 COLORADO R. -DsO-0 .  3 5 m m  - 
D N E D E C O  - D S 0 = O . l - l . l m m  - 
a P A K I S T A N  C A N A L S  - Dso-0 .  1 5 m m  - 
- H I   R I V E R  ( J A P A N )  - D50-1 . 3 m m  
Figure 4.1 Relationship between dimensionless shear stress, r * s and %and S, for lower flow 
regime (dune and ripple bed forms). 
although not a l l  conta in  da ta  f o r  these bed c lasses .  The values of w, 
x, y and z a r e  now 0.2836, 0.6248, 0,08750 and 0.08013, respect ive ly ,  
wi th  a cross- corre la t ion  c o e f f i c i e n t ,  R = 0,999. Note t h a t ,  indeed, w, 
x ,  and y are c lose  i n  value t o  0.28, 0.6, and 0.1, respect ive ly .  The 
da ta  and best  f i t  l i n e  a r e  p lo t t ed  i n  Fig. 4.2. 
An e r r o r  ana lys i s  of the  regress ion  procedure is given, by da ta  
source, i n  Table 4.1. The errors are quite small, especially when one 
considers  the  accuracy o f  the  data. For example, Guy e t  a l .  (1966) have 
ind ica ted  t h a t  e r r o r s  i n  s lope  measurements may be as high as 15-20 
percent ,  while e r r o r s  i n  depth measurements may be on the  order  of 5 
percent.  This range of e r r o r s  is probably t y p i c a l  of many of the  da ta  
s e t s .  
The da ta  used i n  t h i s  ana lys i s  were se lec ted  from a pool of da ta  
co l l ec ted  from over 70 sources which was assembled i n  connection with 
t h i s  study. The 22 sources t h a t  were f i n a l l y  used i n  the  ana lys i s  were 
s e l e c t e d  because they covered a wide range of the  des i red  va r i ab les ,  and 
because the  da ta  seemed t o  be c a r e f u l l y  co l l ec ted  and documented, Only 
labora tory  d a t a  with bed form observations have been included. For 
f i e l d  da ta ,  t h i s  r e s t r i c t i o n  would have been too l imi t ing ,  and where bed 
form was not given, only observed flows which could l o g i c a l l y  be assumed 
t o  have dune beds were selected.  The ranges of important va r i ab les  a r e  
given i n  Table 4.2. Since only sand beds a r e  being considered, median 
pa r t i c l e- s izes  were genera l ly  l imi ted  t o  values between 0.062 mm t o  2.0 
mm, although a few runs a t  2.8 mm were included. To avoid samples with 
l a r g e  amounts of gravel  o r  f i n e  mater ia l ,  geometric standard devia t ions  
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Figure  4.2 Re la t i onsh ip  between T, and q* and S ,  f o r  upper flow regime (dune and r i p p l e  bed forms).  
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Table 4.1 
E r ro r  Analys is  of New Method f o r  Laboratory and F i e l d  Data 
Source 
Laboratory Data 
1 Costello (1974) 
2 Foley (1975) 
3 Laursen (1958) 
4 Onishi, Jain, & 
Kennedy (1972) 
5 Singh (1960) 
6 Davies (1971) 
7 Pratt (1970) 
8 Taylor (1971) 
9 Vanoni & Brooks (1957) 
10 Vanoni & Hwang (1967) 
11 Stein (1965) 
12 Williams (1970) 
13 Brooks (1957) 
14 Guy, Simons, 8 
Richardson (1966) 
15 Nordin (1976) 
Field Data 
16 Rio Grande Conveyance 
Channel, New Mexico 
17 Mississippi & Atcha- 
falaya Rivers1 
18 Colorado River at 
Taylor's Ferry, AZ 
19 Missouri River near 
Omaha, Nebraska 
20 NEDEC02 - So. her. 
river data 
21 ACOP3 - Pakistan 
Canals 
22 Hii River, Japan, 
5 stations 
All sources 
Lower Regime 
Average Standard 
Number of % Error Deviation 
Records in r, of Errors 
Upper Regime 
Average Standard 
Number of % Error Deviation 
Records in r, of Errors 
lMississippi River at Tarbert Landing, LA, and at St. Louis, MO, and the Atchafalaya River 
art Simmespot, LA. 
=Data collected by Netherlands Engineering Consultant (NEDECO) on the Rio Magdelena and the 
Canal del Dique, Columbia, S.A., 10 stations each. 
3ACOP - Alluvial Channels Observation Project data from 14 study reaches on 5 canals. 
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Table 4.2  
Range o f  Data Used i n  Ana lys is  
Va r i ab le  
Median p a r t i c l e  s i ze ,  D50 (mm) 
U n i t  discharge, q (m3/s/rn) 
[Discharge Q(m3/s)] 
Slope, S 
Hydraul i c r a d i  us, r (m) 
Temperature, T (OC) 
Also: 
Width- to-depth r a t i o ,  w/d 
Geometric standard d e v i a t i o n  
Minimum 
0.088 
Maximum 
2.8 
Greater  than o r  equal t o  4 
Less than o r  equal t o  5 
were r e s t r i c t e d  t o  values between 1 and 5, with no exceptions. 
The present  ana lys i s  was undertaken t o  develop a means of 
p red ic t ing  hydraulic  r ad ius ,  which f o r  wide channels is equivalent  t o  
mean depth, To avoid s idewal l  e f f e c t s  i n  labora tory  data ,  only 
experiments with width t o  depth r a t i o s ,  w/d, g r e a t e r  than 4 were 
considered. The sidewall  co r rec t ion  suggested by Vanoni and Brooks 
(1957) w a s  used t o  c a l c u l a t e  t h e  hydraulic  r ad ius  of the bed, which is  
equivalent  t o  the  mean depth of a flow i n  a wide channel with the  same 
s lope ,  mean ve loc i ty ,  and bed f r i c t i o n  fac to r .  For most of the f i e l d  
da ta ,  only mean depth, and not hydraulic  r ad ius ,  was avai lable .  For 
consistency,  mean depth was used i n  place of hydraulic r ad ius  f o r  a l l  
f i e l d  data,  but w/d was r e s t r i c t e d  t o  values g r e a t e r  than 20, i.e. wide 
channels. Values of both hydraulic r ad ius  and mean depth were published 
f o r  the  Miss iss ippi  River a t  St.  Louis, by Jordan (1965). A comparison 
of 56 measurements made during the  years  1950 through 1954 i n d i c a t e s  
t h a t  hydraulic  r a d i u s  was 3.8 percent  lower than mean depth, w i t h  a 
s tandard devia t ion  of less than 1 percent. Therefore, the  two a r e  very 
c l o s e l y  co r re la t ed ,  and the  d i f fe rence  is wi th in  the  f a c t o r  of 
unce r t a in ty  of the  analys is .  
The d i f fe rence  between the  upper and the  lower regime is 
i l l u s t r a t e d  i n  Fig. 4.3. Best f i t  l i n e s  a r e  shown f o r  each regime, with 
a one standard devia t ion  e r r o r  range indica ted  by dashed l ines .  I n  
order  t o  draw the  two l i n e s  on the  same p lo t ,  a best f i t  of the  upper 
regime da ta  was performed on the  da ta  a f t e r  they were reduced to two 
dimensionless groups, using the  regress ion  c o e f f i c i e n t s  f o r  the  lower 
C O M P A R I S O N  OF F L O W  R E G I M E S  
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Figure  4 . 3  Comparison of flow regimes - s o l i d  l i n e s  r ep re sen t  b e s t  f i t  l i n e s  of d a t a  reduced t o  
two v a r i a b l e s  by means of t h e  lower regime va lues  of t he  exponents x,  y and z ,  dashed 
l i n e s  r ep re sen t  one s tandard  d e v i a t i o n  e r r o r  ba r s .  
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regime, i n  the  form of Eq. 4.7. The r e s u l t i n g  upper regime l i n e  i n  
Fig. 3.3 has only a s l i g h t l y  lower c o r r e l a t i o n  c o e f f i c i e n t  than the  l i n e  
shown i n  Fig. 3.2. For a value of 10 on the  absc issa  of Fig. 3.3, a 
channel with a given s lope  would have an k value, i n  the  lower regime, 
36 percent  l a r g e r  than i n  the  upper regime. A t  a value of 0.1 on the  
absc i s sa  t h i s  d i f ference  would be only 18 percent.  
4.3 Determination of Flow Regime 
So f a r ,  f o r - a  given s e t  of independent va r i ab les ,  t h e r e  are two 
poss ib le  so lu t ions  f o r  r, one f o r  the  upper regime, and one f o r  the  
lower regime. A way of  deciding which flow regime t o  expect is needed. 
From the  dimensional analys is ,  neglecting (p  - p ) / p ,  the flow regime 
s 
should be determinate given four  independent dimensionless groups. 
These groups need not be the  same a s  those used i n  Eq. 4.2 . For a given 
flow regime, the  mean ve loc i ty  and hydraulic  r ad ius  can be ca lcula ted ,  
and can the re fo re  be used i n  the  new dimensionless groups. 
Deformation of the  bed must be a funct ion  of the fo rces  on the  
p a r t i c l e s  which make up the  bed. Af ter  considerat ion of many poss ib le  
dimensionless groups, t h e  following four  were se lec ted  as i n d i c a t o r s  of 
flow regime : 
F is the  g r a i n  Froude number, defined a s  ~ V I  J (P ;  P )  g D50 , 
g 
represent ing  the  square roo t  of the  r a t i o  of drag fo rces  on a p a r t i c l e  
t o  i ts weight. The second parameter, D 1 6 ,  i s  the  r a t i o  of the  mean 50 
g r a i n  s i z e  t o  the  thickness of the laminar sublayer,  and is defined 
by u i  ~ ~ ~ / 1 1 . 6 v .  The va r i ab le  ul, , t he  shear  ve loci ty ,  i s  assumed t o  
be equivalent  t o  u, a s  defined by Eq. 4.6 with the  upper regime 
c o e f f i c i e n t s , f o r  a flow wi th  a g iven  s l o p e  and u n i t  d i scharge .  O f  t h e  
f i n a l  two dimensionless parameters, only s lope  has been used i n  the  
a c t u a l  ana lys i s ,  s i n c e  the  e f f e c t s  of o are believed t o  be s m a l l ,  and 
g 
few d a t a  are a v a i l a b l e  an i t s  impact on t r a n s i t i a n .  
The flow regime re la t ionsh ip  between F and S is i l l u s t r a t e d  i n  
g 
Fig. 4.4. The first point  t h a t  is immediately obvious from Fig. 4.4 i s  
t h a t  beyond a s lope  of S = 0.006, only upper regime flow e x i s t s .  For 
lower values of s lope,  an approximate d iv id ing l i n e  can be defined by 
The overlap along t h i s  l i n e  i n d i c a t e s  t h a t  an add i t iona l  va r i ab le  w i l l  
be needed t o  improve the definition of the transition zone. 
I n  Fig. 4.5, values of F /Fr f o r  t r a n s i t i o n  da ta  with S < 0.006 a r e  
g g 
p lo t t ed  aga ins t  D50/6 . Division of F by F1 e l iminates  the  b i a s  t h a t  
g g 
would be introduced by s lope  alone. Included with the  da ta  sets used 
previously is the  s e t  of da ta  of H i l l  e t  a l .  (1969) which was col lec ted  
f o r  the  purpose of def in ing the  t r a n s i t i o n  between the  flow regimes. To 
inc lude  a l l  of  t h i s  da ta ,  i t  was necessary t o  wave the  requirement t h a t  
width-to-depth r a t i o  be l a r g e r  than four ,  which was adhered t o  f o r  a l l  
o t h e r  da ta  sets. The t r a n s i t i o n  region can be defined by the  equations 
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Figure 4.5 Viscous effects on the transition from lower flow regime to upper flow regime. 
f o r  the  lower l i m i t  of the  upper flow regime: 
D50 D50 2 D5 0 
-0.02469 + 0.1517 log  + 0.8381(log S) ... f o r  -6 < 2 
F 
log  = (4.9a) 
g 
log  1.25 D5 0 . . . fo r  -6 2 2 
and, f o r  the  upper l i m i t  of the  lower flow regime: 
D5 0 D50) 2 
-0.2026 + 0.07026 log  7 + 0.9330(10g 7 D5 0 . . . f o r  -6 < 2 
F 
2 - log  F I - (4 .9b)  
g 
log  0.8 D50 ... f o r  -1 2 6 
Between these  values l ies  the  t r a n s i t i o n  regime. The value D50/6 = 0.2 
is the  lower l i m i t  of a l l  da ta  used i n  t h e  present  analys is .  
By using Figs. 4.4 and 4.5 and the  equations f o r  mean shear s t r e s s  
f o r  the  upper and lower flow regimes, i t  is poss ib le  t o  determine which 
f low regime w i l l  e x i s t  f o r  a  s e t  of independent variables.  To do t h i s  
i t  is necessary t o  c a l c u l a t e  F1 from Eq. 4.8, D50/ 6 and values of 
g 
F from Eq. 4.6, using regress ion  c o e f f i c i e n t s  f o r  both the  upper and 
g 
lower regimes. It i s  now poss ib le  t o  l o c a t e  two points  on Fig. 4.5, one 
f o r  the  upper regime and one f o r  the  lower regime. Three condit ions a r e  
possible.  The most l i k e l y  condit ion is t h a t  only one of the  two points  
w i l l  f a l l  i n  its c o r r e c t  zone, i n  which case  t h i s  flow regime is 
expected. A second p o s s i b i l i t y  is  t h a t  n e i t h e r  point  will f a l l  i n  t h e  
c o r r e c t  region,  i n  which case ne i the r  so lu t ion  is valid.  This 
condi t ion  w i l l  be c l a r i f i e d  l a t e r .  F ina l ly ,  f o r  some low values of 
D50/6 ,  both points  w i l l  l i e  i n  t h e i r  c o r r e c t  region of the  diagram, i n  
which case mul t ip le  so lu t ions  a r e  possible. A s  formulated, t h i s  
condi t ion  w i l l  be r a r e  s ince ,  i n  general ,  t he  r a t i o  of upper and lower 
regime values of F w i l l  be l e s s  than the  width of the  t r a n s i t i o n  zone. 
g 
To f a c i l i t a t e  ca lcu la t ion  of the  mean v e l o c i t i e s  a t  which 
t r a n s i t i o n  w i l l  t ake  place f o r  a p a r t i c u l a r  channel with uniform flow, a 
f i n a l  t r a n s i t i o n  diagram was created (Fig. 4.6). By using the  
r e s i s t a n c e  equation f o r  upper regime flow, i t  is poss ib le  t o  el iminate 
flow var i ab les  a s  input  i n  the  d e f i n i t i o n  of the  t r a n s i t i o n  zone. Using 
channel va r i ab les  combined w i t h  Eq. 4.9a, and, assuming t r a n s i t i o n  takes 
p lace  with an approximately cons tant  value of D50/6, Eq. 4.9b. The 
r e s u l t i n g  diagram, Fig. 4.6, can be used t o  determine the  maximum 
flow ve loc i ty  i n  the  lower regime and the  minimum ve loc i ty  i n  the  upper 
regime, given values of D 50' O g '  S and temperature. The va r i ab le  R i n  g 
Fig. 4.6 i s  t h e  g r a i n  Reynolds number, J G / v .  
4.4 Ver i f i ca t ion  of Proposed Method 
A method has been described which can be used e i t h e r  graphica l ly  o r  
numerically t o  determine a r a t i n g  curve or  to determine depth of flow 
f o r  a s p e c i f i c  condition. It now remains t o  be t e s t ed  f o r  some data  
which have not been used i n  thedevelopment of t he  technique. 
Dawdy (1961) presented data  f o r  seve ra l  r i v e r s  with discontinuous 
r a t i n g  curves, o f  which four  sets a r e  shown i n  Figs. 4.7a-d. Given S, 
D50 and o and assuming water temperature = 20° C,  i t  is poss ib le  t o  
g' 
de r ive  average r a t i n g  curves f o r  the  upper and lower regimes, and define 
an approximate t r a n s i t i o n  zone, from the  preceding analys is .  Given the  
f a c t  t h a t  the  input  da ta  are of only one o r  two d i g i t  accuracy, the  
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Figure 4.6 Replot of Fig.  4.5, d e f i n i n g  t h e  v i s cous  e f f e c t s  i n  t e r m s  of t h e  
des i r ed  independent v a r i a b l e s .  
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Figure  4.7a Rat ing  curves  determined by t h e  new technique ,  
from average bed s l o p e  and average D50 and og, 
f o r  d a t a  p l o t s  of Dawdy (1961) f o r  Middle Loup 
River  a t  S t .  Paul ,  Nebraska. 
lCAN RIVE 
-4 -6 .8 1 2 
VELOCITY, v ( m / d  
Figure 4.7b Rating curves determined by t h e  new 
technique, from average bed s lope  and 
average D50 and o , f o r  d a t a  p l o t s  of 
Dawdy (1961) f o r  Republican River a t  
S t r a t t o n ,  Nebraska. 
RIO GRANDE 
ASTANDING WAVES 
OR ANTIDUNES 
VELOCITY, v ( m / s )  
Figure  4 . 7 ~  Rating curves determined by t h e  new technique,  
from average bed s lope  and average D and og, s 0 f o r  d a t a  p l o t s  of Dawdy (1961) f o r  Rlo Grande 
near  B e r n a l i l l o ,  New Mexico. 
PIGEON ROOST CREEK 
- Transition zone 
~ap id ly  rising 
stage, S = 0.0014 
VELOCITY, v (m/s) 
Figure  4.7d Rat ing curves determined by t h e  new 
technique ,  from average bed s l o p e  and 
average D50 and og, f o r  d a t a  p l o t s  of 
Dawdy (1961) f o r  Pigeon Roost Creek 
near  Byhal ia ,  M i s s i s s i p p i .  
curves shown i n  Fig. 4.7 a r e  q u i t e  reasonable. A t  20' C, viscous e f f e c t s  
a r e  not important,  and the  loca t ion  of the  t r a n s i t i o n  zone is based only 
on the  slope,  which is taken t o  equal t h e  bed slope,  and D50(marked a s  
po in t s  1 and 2 on the  diagrams). This method works reasonably w e l l ,  
except on Pigeon Roost Creek (Fig. 4.7d). 
I n  an examination of discontinuous r a t i n g  curves on Pigeon Roost 
Creek, Colby (1960) d i d  some energy s lope  ca lcula t ions .  H e  found t h a t  
on a nearby s t a t i o n  with a bed s lope  of 0.0011 (compared t o  0.0009 f o r  
t h e  s t a t i o n  i n  Fig. 4.7d), the  energy s lope  rose  t o  0.0017 during a 
r a p i d  rise i n  s tage ,  and decreasedto0,00103 during a r ap id  gage-height 
recession.  If t h e  s t a t i o n  under cons idera t ion  underwent proport ional  
changes i n  energy slope,  then, by Eq. 4.9b, during a rap id ly  r i s i n g  
s t a g e  the  t r a n s i t i o n  zone would be defined by po in t s  3 and 4 
(Fig. 4.7d). The t r a n s i t i o n  zone f o r  the  f a l l i n g  s t age  would be defined 
by po in t s  5 and 6. Dashed l i n e s  i n d i c a t e  hypothetical  paths of 
t r a n s i t i o n .  These ndynamicw t r a n s i t i o n s  f i t  the  da ta  much b e t t e r  than 
t h e  uniform flow t rans i t ion .  
The depth of flow during t r a n s i t i o n  has not been discussed, and ye t  
i n  a numerical model one is required t o  c a l c u l a t e  flow depth f o r  a l l  
condit ions.  According t o  Eqs. 4.9a and 4.9b, the  depth of flow a t  the  
lower l i m i t  of the  upper flow regime, and t h e  depth a t  the  upper l i m i t  
of  the  lower regime w i l l  be approximately the  same. A reasonable 
e s t ima te  of flow depth during a gradual t r a n s i t i o n  may be the  average of 
the  two depths. Al ternat ive ly ,  one might suspect  t h a t  t r a n s i t i o n  w i l l  
t ake  place along a l i n e  of constant  depth, as indica ted  by the  dashed 
l i n e s  of Figs. 4.7a-c. I n  this case,  during a gradual  r i s e  i n  
discharge,  the  depthwouldreach tne  upper l l m i t  o r  the  lower regime and 
remain constant  during t r ans i s ion ,  and f o r  a gradual  decrease i n  
discharge,  the  depthwouldreach tne  lower l i m i t  or the  upper regime and 
remain constant.  During a rapid  t r a n s i t i o n ,  not  only w i l l  the energy 
s lope  vary, but a c e r t a i n  amount of time w i l l  be required f o r  tne  growth 
and decay of bed forms. Clear ly  more data areneeded before we can fully 
understand the  exact  na ture  of t h e  t ranaic ion.  
Figure 4.8 i s  a p l o t  of  predicted mean depth as a funct ion  of 
measured mean depth f o r  the  Sacramento River at Butte Ci ty  (USGS s t a t i o n  
11389000), f o r  da ta  given by Nakato (1981). The range o r  flow 
condi t ions  prove t o  be w e l l  wxthin t n e  lower regime, and the re fo re  the  
lower regime equation has been used. The mean e r r o r  is 4.8 percent,  
with a standard devia t ion  of 6.0 percent. The da ta  range is: S = 
0.000099 t o  0.000288, D50 = 0.40 t o  6.3 ram and o = 1 . 4 ~  t o  9.53, with 
g 
t h e  g r a i n  parameters ranging beyond the  l i m i t s  used i n  t n e  development 
of  t h e  technique. Data a r e  a l s o  a v a i l a b l e  f o r  tne  Sacramento River a t  
Colusa, but s idewal l  e f f e c t s  a r e  too s i g n i f i c a n t  f o r  tne  technique t o  
produce reasonable r e s u l t s .  
4.5 Comparison of Stage-Discharge Pred ic to r s  
A r igorous  s t a t i s t i c a l  comparison of techniques i s  not  given here;  
ins t ead  some sample ca lcu la t ions  f o r  two r i v e r s  a r e  presented i n  Table 
4.3. The two channels a r e  the  Rio Granae Conveyance Channel ana the 
S A C R A M E N T O  R I V E R  A T  B U T T E  C I T Y  1 1 3 8 9 0 0 0  
M E A S U R E D  M E A N  D E P T H  I N  M E T E R S  
Figure  4.8 Comparison of p r ed i c t ed  v s .  a c t u a l  mean depth i n  t h e  
Sacramento River  a t  Bu t t e  C i ty ,  d a t a  g iven  by Nakato (1981). 
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Unit 
Discharge 
m2/ s 
0.225 
0.693 
2.01 
4.74 
10.4 
26.0 
d 
Mean 
~ e ~ t h l  
m 
0.403 
0.769 
1.19 
7.59 
10.7 
L6.7 
S x 1000 
Slope 
0.50 
0.55 
0.60 
0.0183 
0.0266 
0.0382 
D50 
Median 
Bed 
S i ze  
mm 
Table 4 . 3  
Comparison of Stage-Discharge P r e d i c t o r s  
ug 
Zeometri~ 
Standard 
Deviat i o  
Bed Mat' 
1.48 
1.40 
1.36 
1.66 
1.81 
1.63 
I Predicted Mean ~ e ~ t h ' ,  
T 
T y p .  Alam Chu, Eins te in ,  
C e t  a l .  Mostafa Barbarossa 
Rio Grande Conveyance Channel 
Lssissippi  River, Tarbert  La1 
18  NS NS 
1. For t he  channels under considerat ion,  it is  assumed t ha t  d = r. 
Engelund 
0.35 (-13%) 
0.55 (-29%) 
1.13 ( -5%) 
8.2 ( 8%) 
11 ( 4%) 
12 (-26%) 
m (% Error)  
Garde 
Ranga Raju 
0.46 (14%) 
0.80( 4%) 
1.60 (34%) 
7.1 (-7%) 
11 ( 4%) 
18 ( 6%) 
White 
e t  a l .  
0.39 (-1%) 
0.79( 3%) 
1.52 (28%) 
7.4 (-3%) 
12 ( 8%) 
19 (17%) 
-- 
New 
~ e t h o d ~  
-- 
0.4L(. 2%) 
0.82( 7%) 
1.10 (-7%) 
7.1 (-7%) 
11 ( 1%) 
18 ( 7%) 
2 2. The Rio Grande record a t  q = 2.01 m /s is  an  upper regime flow, a l l  o the r s  a r e  lower regime. 
3. NS: No so lu t i on  f o r  t h e  given combination of independent var iab les .  
Mississ ippi  River a t  Tarbert  Landing, Louisiana. The former is a 
channel with t y p i c a l  depths of 1 meter, and the  l a t t e r  with typ ica l  
depths of 10 t o  20 meters. For both channels,  the  lowest, h ighes t ,  and 
median discharges of t h e  ava i l ab le  record are given. 
The r e s u l t s  a r e  considerably varied, Both the Alam-Cheyer-Kennedy 
and Chu-Mostafa techniques were not appl icable  t o  the  deeper r ive r .  The 
poorest  r e s u l t s  were obtained from the  Einstein-Barbarossa technique. 
The Engelund technique gave good r e s u l t s ,  except  when the  wrong flow 
regime was predicted,  a s  f o r  the  second Rio Grande and t h i r d  Mississippi  
values. The Garde-Ranga Raju and White-Paris-Bettess techniques did 
very w e l l ,  except f o r  t h e  l a s t  Rio Grande flow, which had a f l a t  bed. 
4.6 Summary and Conclusions 
An ana lys i s  of e x i s t i n g  schemes f o r  p red ic t ing  flow depth i n  sand 
bed streams and r i v e r s  has indica ted  t h a t  no e x i s t i n g  technique 
s a t i s f i e s  the  c r i t e r i a  es tabl i shed i n  the  in t roduct ion  t o  t h i s  paper. A 
new technique has been presented which does s a t i s f y  these  c r i t e r i a .  The 
technique so lves  f o r  flow depths and mean v e l o c i t i e s  f o r  the  upper and 
lower flow regimes and determines l i m i t s  of the  mean ve loc i ty  f o r  each 
regime. 
For wide channels, with d = r ,  flow depth f o r  the  lower flow regime 
can be de t - , i n e d - _  f'rm: 
and f o r  the  upper flow regime, from: 
E i t h e r  equation can be rearranged i n t o  a dimensionally consistent power 
law equation which can be d i r e c t l y  s u b s t i t u t e d  f o r  a Manning equation i n  
a numerical model. For flow s i t u a t i o n s  involving both regimes, a 
t r a n s i t i o n  mechanism is required. The nature  of t h i s  mechanism has not 
a s  y e t  been explored. 
Neglecting viscous e f f e c t s ,  t h e  upper and lower t r a n s i t i o n a l  
v e l o c i t i e s  can be determined from the  slope and the  median g r a i n  s i ze .  
For s lopes  g r e a t e r  than 0.006, only upper regime flow is expected. For 
s lopes  less than 0.006, t h e  maximum ve loc i ty  of the  lower regime can be 
determined from F = 0.8F ' , and the  minimum ve loc i ty  of the  upper 
g g 
regime from F = 1.25F ' , where F ' is from Eq. 4.8. 
g g g 
When temperature e f f e c t s  a r e  important the  t r a n s i t i o n  values of 
F must be determined from Eqs. 4.9a and 4.9b o r  Fig. 4.5. For a given 
g 
S, Rg, and a F can a l s o  be determined from Fig. 4.6. Depending on g '  g 
t h e  r a t i o  of the  median g r a i n  s i z e  t o  the  thickness of the  laminar 
sublayer,  any change i n  temperature may e i t h e r  increase ,  decrease o r  
have no inf luence  on the  t r a n s i t i o n a l  v e l o c i t i e s .  The maximum 
temperature e f f e c t  is about a 25 percent change i n  the  v e l o c i t i e s  of the 
l i m i t s  of the  flow regimes. 
A review of the  extensive l i t e r a t u r e  on a l l u v i a l  channels suggests  
t h a t ,  i n  s p i t e  of  the  volume, l i t t l e  i s  known about the  t r a n s i t i o n  from 
the  lower flow regime t o  the  upper flow regime. Careful ly co l l ec ted  
da ta  areneeded t o  b e t t e r  understand both slowly varying and rap id ly  
varying t r ans i t ions .  Although the  new technique inc ludes  a d e f i n i t i o n  
of  the  t r a n s i t i o n  l i m i t s ,  t he  writer f e e l s  t h a t  more information is  
needed t o  improve t h e  d e f i n i t i o n  of these  l i m i t s .  
CHAPTER 5 
AM ANALYSIS OF METHODS FOR PREDICTING SEDIMENT CONCENTRATION 
Having considered t h e  problem of p red ic t ing  flow depth i n  a 
channel,  a t t e n t i o n  is now turned t o  t h e  problem of  p red ic t ing  sediment 
concentrat ion.  Throughout t h i s  century dozens of techniques, o r  
nsediment t r anspor t  formulas, have been proposed. Ear ly  e f f o r t s  were 
hampered by a poor understanding of t h e  mechanics of turbulence and 
sediment entrainment, poor da ta ,  and t h e  absence of computers. While 
t h e  mechanics a r e  still not  w e l l  understood, a t  l e a s t  it is possible t o  
r e a d i l y  analyze t h e  l a r g e  amounts of d a t a  t h a t  a r e  now avai lable .  I n  
t h i s  chapter ,  13 techniques for  predic t ing  sediment concentrat ion i n  a 
channel a r e  analyzed using both f i e l d  and labora tory  data.  
I n  t h e  d iscuss ion t h a t  follows, t h e  wash load o r  fine-material load 
i s  not considered. Therefore, t h e  bed-material load is taken to be 
equivalent  t o  t h e  t o t a l  load, which can be divided i n t o  a bed load and a 
suspended load. 
5.1 Se lec t ion  of Available Techniques 
The ava i l ab le  techniques f o r  c a l c u l a t i n g  sediment concentrat ion a r e  
widely varied. They range from simple equations t o  complicated proce- 
dures  involving many ca lcu la t ions .  The techniques s e l e c t  ed f o r  analys is  
i n  t h i s  chapter l ikewise  cover a wide range of computational expediency. 
Probably t h e  most computationally complex procedure is still t h e  
E ins te in  (1950) t o t a l  load function. To begill t h e  procedure, the  bea 
mate r i a l  is divided i n t o  s i z e  f r ac t ions .  An in tegra t son  over t h e  flow 
depth is required f o r  each s i z e  f r ac t ion .  The integrand is  the  product 
o f  t h e  suspended load equation (Vanoni, 1975, p. 76): 
where C, is a reference  concentrat ion a t  e l eva t ion  a, and tne  v e l o u i ~ y  
d i s t r i b u t i o n  (Vanoni, 1975, p, 75):  
where k = von Karmanls constant  and has a mean value of 0.4 f o r  c l e a r  
water. 
Eins te in  (1950) uses  t h e  values z = wi/0.4u,' and a = 2DSi, where 
wi and DSi are t h e  fa l l  ve loc i ty  and mean g ra in  diameter, respect ive ly ,  
o f  a  s i z e  fraction." The reference concentra t ion  is determined from the  
empir ica l  "bed load function"  which r e l a t e s  a  dimensionless bed load 
t r anspor t  r a t e  t o  a  dimensionless g ra in  shear  s t r e s s .  A f u l l  dec r ip t ion  
of t h e  procedure, including the var ious  co r rec t ion  f a c t o r s ,  is given by 
Vanoni ( 1975, pp. 195-201 ). 
Several  i n v e s t i g a t o r s  have attempted t o  modify o r  adapt e i t h e r  a l l  
o r  p a r t s  of the  Eins te in  (1950) procedure. I n  t h e  development of h i s  
procedure, Tof fa le t i  (1968) used many of E ins te in ' s  concepts and a l a r g e  
amount or' newer data. Engelund and Fredsoe (1 976) derived an a n a l y t i c a l  
bed load equation and used E ins te in  i n t e g r a l s  f o r  t h e  suspended load. 
"1n this case u i  can  b e  d e f i n e d  from Eq. 3.13. 
These techniques a r e  appealing because they r e l y  on what is known 
of the mechanics of t h e  processes involved. However, our current  
understanding of the  processes is s t i l l  incomplete, and the  de r iva t ions  
of tnese  techniques include various assumptions. 
Other i n v e s t i g a t o r s  have r e l i e d  heavi ly  on dimensional analysis .  
This  approach usua l ly  avoids t h e  problem of d iv id ing the  bed-material 
load i n t o  a bed load component and a suspended load component. 
Typical ly,  sediment concentration or a dimensionless transport rate is 
r e l a t e d  t o  severa l  o the r  dimensionless parameters. One of these  
parameters usual ly  v a r i e s  s t rong ly  with discharge and can the re fo re  be 
considered as the  p r inc ipa l  variable.  Examples of p r inc ipa l  var iables  
a r e  the  mobi l i ty  number of Ackers and White (19731, a parameter 
combining shear  stress and g r a i n  shear  stress, and the  u n i t  stream power 
used by Yang (19731, v S ~ ,  where w i s  particle fall velocity. 
When t h e  formulation of a technique is baaed primari ly on 
dimensional ana lys i s , the  d a t a  base becomes extremely important. A 
technique would be use less  i f  it were based on f a u l t y  o r  insufficient 
data .  Although l a r g e  amounts of d a t a  a r e  now avai lable ,  t h e  q u a l i t y  of 
t h e  d a t a  is not uniform, pr imar i ly  because of the  d i f f i c u l t y  involved i n  
making sediment concentra t ion  measurements. 
I n  t h i s  chapter, 13 techniques were se lec ted  f o r  analysis .  I t  is 
hoped t h a t  t h e  presenta t ion  here w i l l  complement the  exce l l en t  appra i sa l  
of 15 methods given by White, M i l l i ,  and Crabbe (1973). Eighc of t h e  10 
bes t  methods as appraised by White, M i l l i ,  and Crabbe (1973) have been 
included here. O f  t h e  bes t  ten  methods, t h e  two t h a t  have not been 
included here a re  a modified vers ion  of the  Bishop, Simons and 
Richardson (1965) technique (which has been included) and the  bea load 
por t ion  of t h e  Eins te in  (1950) procedure, which has not been considered 
a p a r t  from t h e  t o t a l  load procedure. Also included a r e  th ree  newer 
methods, p lus  two other  techniques which have achieved some degree of 
acceptance. A list of t h e  13 techniques is given i n  Table 5.1 . 
5.2 Method of Analysis 
One of t h e  most important aspects  of an appra i sa l  of e x i s t i n g  
techniques is t h e  d a t a  base. For t h i s  ana lys i s  approximately 1000 
records  from 31 sets of labora tory  and f i e l d  da ta  have been selecced 
from t h e  l a r g e r  d a t a  bank. Data sets with sand bed channels were 
se lec ted  on the  b a s i s  of accuracy and range of important parameters. 
After performing a s idewal l  co r rec t ion  (Vanoni and Brooks, 1957) on a l l  
records,  t h e  da tawere  f i l t e r e d  t o  remove various biases,  t h u s  leaving 
the approximately 1000 records. 
The da ta  sets used and ranges of important va r i ab les  a r e  l i s t e d  i n  
Tables 5.2a and 5.2b. The numerical f i l t e r s  or  r e s t r i c t i o n s  on the  
ranges of c e r t a i n  parameters a r e  given i n  Table 5.3. More explanation 
of  why some of these  f i l ters  were se lec ted  is given i n  the  next chapter ,  
s e c t i o n  6.2. 
The number of records f o r  each da ta  set l i s t e d  i n  Tables 5.2a and 
5.2b is t h e  number ava i l ab le  f o r  analys is .  For some formulas, c e r t a i n  
combinations of va r i ab les  may be beyond t h e  explicitly derined range of 
7 7 
Table 5.1 
Methods of Predicting Sediment Concentration 
Analyzed in this Report 
Bed Load and 
Graded Suspended Load Dimensional 
Investigator Date Sediment Separate Homogeneity 
Ackers and White 1973 No No 
Bagnold 1966 No Yes 
Bishop, Simons, and 
Richardson 1965 Yes 
Yes 
Yes 
Yes 
Einstein 1950 Yes Yes Yes 
Engelund and Fredsoe 1976 No Yes Yes 
Engelund and Hansen 1967 No No Yes 
Graf 1968 No No Yes 
Laur s en 1958 Y es No Yes 
Ranga Raju, Garde, 
and Bhardwaj 1981 No 
Rot tner 1959 No No 
Shen and Hung 1971 No No 
Tof f aleti 1968 Yes Yes 
Yang 1973 No No 
Yes 
Yes 
'NO 
No 
Yes 
Table 5.2a 
Range o f  Laboratory Var i ab l e s  
~ e l o c i t y ( m )  Depth(m) Slope X 1000 50 
Source Code No. Min. Max, Min. Max, Min. Max. Min. Max, 
B a r t o n & L i n  (1955) BAL 26 0.226 1.093 0.091 0,256 0.440 2.100 0.180 0.180 
Brooks ( 1 957 ) BRO 6 0.373 0,617 0,047 0.060 2.400 3,500 0.088 0.145 
C o s t e l l o  ( 1974 COS 11 0.403 0,503 0.140 0,156 0,450 1,010 0,600 0,790 
Davies (1971) DAV 69 0.244 0.792 0,076 0,305 0.248 2.670 0.150 0,150 
Foley ( 1975) FOL 9 0.388 0.806 0,035 0,047 3,740 10.540 0,290 0,290 
Guy e t  a1.(1966) GUY1 27 0.317 1.445 0.149 0.332 0,430 5.820 0.190 0,190 
Guy e t  a1,(1966) GUY2 47 0,318 1.505 0.091 0,344 0.450 8.200 0,270 0.280 
Nordin ( 1976 ) NOR1 22 0.561 2.017 0,238 0,585 0.470 4.490 0,250 0.250 
Nordin ( 1976 ) NOR2 11 0,524 1.843 0.256 0,359 0.740 5,770 1.140 1,140 
O n i s h i e t a 1 , ( 1 9 7 6 )  O J K  14 0,338 0,585 0,075 0,135 1,090 2,670 0,250 0.250 
P r a t t  ( 1970) PRA 25 0,254 0.701 0.076 0.305 0,282 2,870 0.479 0,479 
Singh (1960) SIN 20 0.277 0.442 0,076 0.104 1,000 3.000 0,620 0,620 
S t e i n  (1965) STE 44 0,514 1.841 0.091 0.302 2,010 16,950 0.399 0,399 
S t r aub  ( 1954,58) STR 21 0.356 0,835 0.035 0.222 0.950 7.347 0.163 0,191 
Taylor  ( 1 97 1 ) TAY 12 0,390 0.878 0.079 0.143 1.010 2.090 0,228 0,228 
Vanoni, Brooks(1957) VAB 14 0,234 0.771 0.062 0.169 0.700 2.800 0.137 0.137 
Vanoni, Hwang (1967) VAH 6 0.319 0,558 0,176 0,238 0,642 1,303 0.206 0,206 
Williams (1970) WLM 5 0.539 0.669 0.204 0.222 0.912 2.140 1.349 1.349 
Willis ( 1 972 ) WLS 77 0.358 1.572 0,104 0,302 0,269 2,040 0.100 0,100 
Znamenskaya (1963) ZNA 14 0.224 0.925 0.040 0,123 1.660 8,000 0,180 0.800 
A l l  Laboratory Data 480 0.224 2.017 0.035 0.585 0,269 16.950 0,088 1.349 
Concentration(ppm) 
Minimum Maximum 
19.00 3776.00 
1200,OO 53OO,OO 
10.95 102.08 
l l ,3O 1760.00 
845.34 10254.39 
29.00 26600,OO 
12,OO 28700.00 03 
73.00 17200,OO 
Table 5,2b 
Range of Field Variables 
River Code No, 
Atchafalaya River ATC 63 
Colorado River COL 30 
Hii River, Japan H I 1  22 
Middle Loup River MID 38 
Miss. R., St. Louis COEl 111 
Miss. R., Tarbert COE2 53 
Mountain Creek MOU 75 
Niobrara River NIO 40 
Red River RED 29 
Rio Grande Conv, Ch. RGC 8 
RioGrande,Bernalillo RGR 50 
All Field Data 51 9 
Velocity(m) 
Min. Max. 
~epth(m) Slope X 1000 D5 0 
Min, Max, Min. Max. Min. Max. 
Concentration(ppm) 
Minimum Maximum 
80 
Table 5.3 
Restrictions on Input Data 
Parameter Symbol Restriction Reason 
Median grain size, mm D50 0.062SD50S2.0 
Geometric standard u 
g 
u <5 
deviation of bed g 
part icles 
Width to depth ratio 
Relative roughness 
r1D50 r/D50>100 
Concentration, ppm C C>10 
Sand only 
Eliminate bimodal 
distributions 
Reduce sidewall 
effects 
Eliminate shallow 
water effects 
Accuracy problems 
associated with low 
concentration 
t h e  technique. I n  o the r  cases ,  c e r t a i n  combinations of va r i ab les  w i l l  
l ead  t o  non-definable expressions, such a s  a negative number r a i sed  t o  a 
non- integer power, Furthermore, ca lcula ted  concentrat ions lower than 1 
ppm a r e  not included i n  s t a t i s t i c a l  analyses,  Therefore, f o r  some 
formulas the  a c t u a l  number of records given i n  the  analyses  may be 
considerably l e s s  than t h a t  indicated i n  Tables 5,2a and 5.2b. 
Some formulas r equ i re  separa te  ca lcu la t ions  f o r  individual  
bed-material s i z e  f r ac t ions ,  I n  these  c a s e s ,  the bed material  has been 
divided i n t o  5 s i z e  f r a c t i o n s  based on the  values of D and o and t h e  
5 0 g ' 
assumption t h a t  the  s i z e  d i s t r i b u t i o n  of t h e  bed p a r t i c l e s  is 
log-normal. Divisions were located a t  the  6.7, 31.0, 69.0, and 93,3 
p e r c e n t i l e  values. 
Selec t ion  of a technique f o r  ana lys i s  of a t r anspor t  formula is not 
a simple matter. After  considerat ion of a number of poss ib le  ana lys i s  
va r i ab les ,  t h e  r a t i o  of ca lcula ted  t o  observed concentrat ion was 
se lec ted .  This va r i ab le  was a l s o  used by White, M i l l i ,  and Crabbe 
(1973) i n  t h e i r  appra i sa l  of formulas. 
It was found t h a t  f o r  a given formula, the  r a t i o  of t h e  ca lcu la ted  
t o  the  observed concentrat ion is near ly  log-normally d i s t r i b u t e d  f o r  
many da ta  se t s .  Figures 5.la and 5.lb a r e  log- probabil i ty p l o t s  of t h i s  
r a t i o  f o r  the  Yang (1973) technique, On t h i s  type of graph a log-normal 
d i s t r i b u t i o n  p l o t s  as a s t r a i g h t  l ine .  
A parameter t h a t  is  log-normally d i s t r i b u t e d  can be described by 
its geometric mean and geometric standard deviat ion,  The geometric mean 
and geometric s tandard devia t ion  a r e  the  a n t i l o g s  of t h e  mean and 
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Figure 5.1 Typical error distributions for the Yang (1973) 
technique. 
standard devia t ion ,  respect ive ly ,  of t h e  logarithms of t h e  values of t h e  
parameter. If a parameter is log-normally d i s t r i b u t e d  its median value 
w i l l  be equivalent  t o  i ts  geometric mean. Furthermore, t h e  
eighty- fourth pe rcen t i l e  value can be determined by the  product of the  
geometric mean and t h e  geometric standard deviat ion,  and t h e  s ix teenth  
p e r c e n t i l e  value w i l l  be t h e  quot ient  of t h e  geometric mean divided by 
t h e  geometric s tandard deviation. 
For t h e  r a t i o  of calculated t o  observed concentrat ion,  geometric 
mean and geometric standard devia t ion  values of 1 would i n d i c a t e  perfec t  
agreement. The geometric standard devia t ion  w i l l  be g r e a t e r  than o r  
equal  t o  1, while t h e  geometric mean can be g r e a t e r  than o r  less than 1 ,  
depending on whether the  formula tends t o  over- predict o r  under-predict. 
For each formula, two t a b l e s  of s t a t i s t i c s  are given, one f o r  
labora tory  d a t a  and one f o r  f i e l d  data. Each t a b l e  g ives  the  geometric 
mean and geometric standard devia t ion  (abbreviated Geo.Mean and 
Geo.S.D., r e spec t ive ly )  f o r  the  r a t i o  of ca lcula ted  t o  observed values 
of  concentrat ion f o r  each d a t a  s e t ,  The da ta  s e t s  a r e  l i s t e d  by the  
codes i n  Tables 5,2a and 5,2b. The t ab les  include est imates of the  
s i x t e e n t h  and eighty- fourth pe rcen t i l e  values, ca lcu la ted  from the  
geometric mean and geometric standard deviat ion,  assuming a log-normal 
d i s t r i b u t i o n .  The minimum, median, and maximum values of t h e  r a t i o  a r e  
a l s o  given f o r  each d a t a  se t .  The l a s t  l i n e  i n  each t a b l e  g ives  the  
s t a t i s t i c s  f o r  a l l  o f  the  d a t a  included i n  the  table .  
The a n a l y s i s  of each formula includes two p l o t s  of the  r a t i o  of 
ca lcu la ted  t o  observed concentrat ion versus observed concentrat ion,  one 
f o r  l a b  data  and one f o r  f i e l d  data. Each da ta  s e t  is p lo t t ed  with a 
d i f f e r e n t  p l o t t i n g  symbol. Dashed l i n e s  show t h e  geometric mean value 
of t h e  p lo t ted  data ,  and dash-dotted l i n e s  show t h e  approximate 
s ix teen th  and eighty- fourth pe rcen t i l e  values. 
5.3 Appraisal of  Exis t ing  Techniques 
The following i s  an analys is  of t h e  13 techniques f o r  predic t ing  
sediment concentrat ion l i s t e d  i n  Table 5.1. For each technique, a b r i e f  
summary is presented along with the  f i g u r e s  and t a b l e s  which can be used 
t o  evaluate  the  performance of the  technique. The summaries do not 
include complete desc r ip t ions  of a l l  techniques. I n  conjunction w i t h  
t h e  reviews of methods given by Vanoni (1975) and White, M i l l i ,  and 
Crabbe (1973), however, t h e  reader can obta in  a complete understanding 
of t h e  workings of all t h e  techniques discussed here. (Page number 
references  f o r  the  l a t t e r  r epor t  r e f e r  t o  t h e  first volume, un less  
otherwise speci f ied . )  
The equations g ive  t h e  mean concentrat ion i n  terms of mass per u n i t  
mass, i.e. mass of sediment t o  mass of water-sediment mixture, with the  
exception of t h e  technique of Shen and Hung (1971). This  technique, 
which is not dimensionally homogeneous, is  given i n  i t s  o r i g i n a l  form 
where concentrat ion is given i n  ppm by mass. To convert  t o  p a r t s  per 
mi l l ion ,  a l l  o the r  concentrat ions must be mul t ip l ied  by 1,000,000. 
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5.3.1 Ackers and White Technique (1973) 
The Ackers and White (1973) method is based on a combination of 
grain shear stress and shear stress. The basic concentration 
equation is 
where F is the mobility number defined by 
gr 
and u*' is given by 
u*' = v 
lor m log -
D5 0 
The quantities n, A, m, and c are functions of D which is 
g r 
defined by 
where R = WIV is the grain Reynolds number. 
g 
When D > 60 the four coefficients are: 
gr 
and for 60 r D 1 1: 
g r 
n = 1 - 0.56 log D 
gr 
l o g  c = 2.86 l o g  D - ( l og  D ~ ~ ) ~  - 3 -53  
g r  
The r e s u l t s  of t h e  a n a l y s i s  f o r  l a b o r a t o r y  d a t a  a r e  g iven  i n  
Fig.  5.2a and Table  5.4a,  and f o r  f i e l d  d a t a ,  t h e  r e s u l t s  a r e  given 
i n  Fig.  5.2b and Table  5.4b. 
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5.3.2 Bagnold Technique (1966) 
The t o t a l  load equat ion  can be expressed i n  terms of concent ra t ion  
where eb i s  t h e  bed load t r a n s p o r t  e f f i c i e n c y ,  tg  9, i s  a measure 
of dynamic f r i c t i o n ,  and wm i s  t h e  mean f a l l  v e l o c i t y  of t h e  bed 
p a r t i c l e s .  The q u a n t i t i e s  eb and tg  9, can b e  eva lua ted  from t h e  
graphs given by Bagnold (1966) o r  t h e  equat ions  given by White, M i l l i ,  
and Crabbe (1973, pp 22-26). 
The r e s u l t s  of t h e  a n a l y s i s  f o r  l a b o r a t o r y  d a t a  are given i n  
Fig. 5.3a and Table 5.5a,  and f o r  f i e l d  d a t a ,  t h e  r e s u l t s  a r e  given 
i n  Fig. 5.3b and Table 5.5b. 
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NOR1 
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T AY 
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ZNA 
A l l  
Table 5,511 
Ratio o f  Predicted t o  Observed Concentration f o r  Bagnold Method - Lab Data 
Number 
26 
6 
1 1  
69 
9 
27 
47 
22 
11  
14 
2 5 
20 
4 4 
21 
12 
14 
6 
5 
77 
14 
480 
Geo .Mean 
1.836 
1.654 
7.099 
4,371 
1,723 
1.556 
1.851 
1.132 
4.636 
3.517 
6,186 
6.41 0 
0,938 
1 e371 
2.191 
2.607 
3,013 
9.520 
0,992 
3,322 
2,155 
Geo , S. D . Minimum Median 
1.436 
1,405 
7.251 
2.855 
1.750 
1,171 
1.688 
1 m 105 
5.591 
3.428 
4.752 
6.633 
0,873 
1.376 
1 -970 
1,637 
2,403 
9.036 
3 e 025 
1,693 
Maximum 
14.557 
2,914 
18.960 
40.504 
2 .81 3 
17.180 
24.067 
5.167 
11.208 
14.187 
24.259 
17.856 
1.931 
4,512 
6.472 
29,216 
13.817 
16,137 
5.643 
8,486 
40.504 
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Figure 5.3 Ratio of concentration calculated b the Bagnold (1966 
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5.3.3 Bishop, Simons, and Richardson Technique (1965) 
White, M i l l i ,  and Crabbe (1973) have evaluated both the  o r i g i n a l  
vers ion  of t h i s  technique and a modified version. Although tne  modified 
vers ion  t e s t e d  s l i g h t l y  b e t t e r ,  it is t h e  o r i g i n a l  vers ion  t h a t  is 
evaluated here. 
The development of t h e  technique was based on a modificat ion of the  
p r o b a b i l i s t i c  approach used by Eins te in  (1950) t o  develop h i s  bea load 
function,  Here the  t o t a l  load t r anspor t  rate, r a t h e r  than j u s t  the bed 
load t r anspor t  r a t e ,  is r e l a t e d  t o  a dimensionless g r a i n  shear  stress. 
A complete desc r ip t ion  of t h e  app l i ca t ion  of t h e  technique is given by 
White, M i l l i ,  and Crabbe (1973). 
The r e s u l t s  of t h e  a n a l y s i s  f o r  labora tory  d a t a  are given i n  
Fig. 5.4a and Table 5.6a, and t h e  r e s u l t s  f o r  f i e l d  da ta  are given i n  
Fig. 5.4b and Table 5.6b. 
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e 5,4b Ratio of concentration calculated by the Bishop, Simons, and Richardson (11965) techrdque 
t o  observed concentration as a function of  observed concentration, for f i e l d  data, 
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5.3.4 Eins te in  Technique (1950) 
A thumbnail sketch of t h i s  technique is given i n  s e c t i o n  5.1, wnich 
is b r i e f l y  reviewed here. The bed-load t r anspor t  r a t e  is calculated 
from t h e  g ra in  shear  s t r e s s  f o r  each s i z e  f r a c t i o n  of t h e  bed material .  
The suspended load f o r  each s i z e  f r a c t i o n  can then be ca lcula ted  by 
i n t e g r a t i o n  of the  product of Eqs. 5.1 and 5.2, over t h e  depth. The 
t o t a l  load concentrat ion is the  sum of the  concentrat ions f o r  each s i z e  
f r ac t ion .  
The d e t a i l s  of the  technique a r e  given by Vanoni (1975, 
pp. 195-201). Analyt ical  representa t ions  of t h e  various graphica l  
f a c t o r s  a r e  given by White, M i l l i ,  and Crabbe (1973, pp. 15-18). 
The r e s u l t s  of t h e  ana lys i s  f o r  labora tory  d a t a  a r e  given i n  
Fig. 5.5a and Table 5.7a, and the  r e s u l t s  f o r  f i e l d  da ta  a r e  given i n  
Fig. 5.5b and Table 5.7b. 
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Table 5,7b 
Ratio of Predicted t o  Observed Concentrsation f o r  E ins te in  Method - Field Data 
D a t a S e t  Number Geo.Mean Geo.S.D, Minimum 16 ile Median 8 4 $ i l e  Maximum 
ATC 62 1.521 10e12 0.048 0,150 1 e 5 ' ( " E 5 e 3 9 5  233.312 
COL 3 0 0.240 1,640 0 e 093 Oal46 0.234 0,394 0,708 
H I 1  22 0,393 I .58 O.Il7 0.248 0 370 0.624 0,940 
MID 38 0 * 374 1-57 0.176 0.237 0 e 355 0.591 2,119 
MIS I "16 0.315 2,447 0,028 0.129 0,289 0.772 6.002 
MIS2 52 0.24 2.948 0.013 0,082 0,182 0.710 2,167 
MOU 75 0 = 973 I ,434 0.245 0,679 1,026 1 9395 2,427 
N I O  40 0.442 1,465 0-19 0,302 0,427 0.648 1,591 
RED 23 0 * 075 2.718 0.03 0.028 0 e O'(2 0,204 I .045 
RGC 8 0,291 2.835 0,060 0.103 0.201 0.826 2 9 027 
RGR 50 0.279 2,988 0,033 0.094 0,226 0.835 2,500 
All 506 0,420 32719 0,013 0,113 0 * 373 1,562 233,312 
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5.3.5 Engelund and Fredsoe Technique (1976) 
This technique utilizes an analytical expression for the bed- 
load transport rate plus the Einstein (1950) integrals for calcula- 
tion of the suspended load transport rate. 
The first step in the procedure is the calculation of u*' from 
Eq. 3.15, from which T: = p1-12~ /g(ps-p)~50 can be determined. 
Given T*' , the quantity p can be determined from 
Then, the dimensionless bed load transport rate is given by 
Next, the volumetric bed concentration is determined from 
where 
Finally, the suspended load transport rate is determined from 
where Ds is the fall diameter, and I1 and I2 are the Einstein 
integrals, which are given both graphically and analytically by 
Vanoni (1975, pp. 196-198). And the total concentration by mass 
is given by 
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Although t h e  w r i t e r  b e l i e v e s  t h a t  t h e  equat ions  presented  
he re  a r e  c o r r e c t ,  Eqs. 5.8 and 5.12 a r e  s l i g h t l y  a l t e r e d  from 
t h e i r  o r i g i n a l  p re sen ta t ion .  The changes a r e  suggested by a  
c a r e f u l  review of t h e  d e r i v a t i o n  given by Engelund and Fredsoe 
(1976). 
For a n a l y s i s  purposes,  t h e  f a l l  diameter has  been taken t o  
be equ iva l en t  t o  D 50' 
The r e s u l t s  of t h e  a n a l y s i s  f o r  l abo ra to ry  d a t a  a r e  given i n  
Fig. 5.6a and Table 5.8a, and f o r  f i e l d  d a t a ,  t h e  r e s u l t s  a r e  
given i n  Fig.  5.6b and Table 5.8b. 
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5.3.6 Engelund and Hansen Technique (1967) 
This  technique is  one of t h e  simplest t o  use of all t h e  methods 
analyzed. Yet it is one of the  most ef fec t ive .  The technique can be 
reduced t o  the  s i n g l e  equation: 
where T, = p r s /  (ps-p>Dso. 
The r e s u l t s  of t h e  ana lys i s  f o r  labora tory  d a t a  a r e  given i n  
Fig. 5.7a and Table 5,9a, and the  r e s u l t s  f o r  f i e l d  da ta  are given i n  
Fig. 5.7b and Table 5,gb. 
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Graf Technique (1968) 
Like t h e  method of Engelund and Hansen ( 1967), t h e  ~ r a f  * 
method is  very easy t o  use, However, t h e  test r e s u l t s  f o r  the  l a t t e r  
method a r e  much l e s s  favorable than f o r  the  former method. Likewise, 
t h e  Graf technique can be reduced t o  a s i n g l e  equation: 
A s  White, M i l l i ,  and Crabbe (1973) have indica ted ,  Graf was not s p e c i f i c  
about which g ra in  diameter should be used. A s  suggested by Eq. 5.15, 
D50 has been used here. 
The r e s u l t s  of t h e  ana lys i s  f o r  labora tory  d a t a  a r e  given i n  
Fig. 5.8a and Table 5.10a, and the  r e s u l t s  f o r  f i e l d  da ta  a r e  given i n  
Fig. 5.8b and Table 5.10b. 
- 
*The technique developed by Graf i n  1968 i s  descr ibed  i n  Graf ,  1971. 
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Table 5.10a 
Ratio of Predicted t o  Observed Concentration f o r  Waf  Method - Lab DaEa 
Data S e t  
B AL 
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FOL 
GUY 1 
GUY 2 
NOR1 
NOR2 
OJK 
PRA 
SIN 
STE 
STR 
TAY 
VAB 
VAH 
ww 
WLS 
ZNA 
Number 
26 
6 
1 1 
69 
9 
27 
47 
22 
11 
1 4 
25 
20 
4 4 
21 
12 
14 
6 
5 
77 
14 
A l l  480 
Median 
1 -232 
0,892 
1 e299 
2.531 
0.805 
0 934 
2,029 
0.735 
4 * 727 
3.433 
4.243 
2.863 
1.161 
0,598 
1 -902 
2.177 
2,202 
3 007 
0,188 
2,305 
1.503 
Maximum 
38.5'13 
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5.3.8 Laursen Technique (1958) 
For the Laursen (1958) method, the particle size distribution 
is divided into n size fractions, pi, which have mean size D and si 
fall velocity wi. The concentration is calculated from 
n v2 
c = 0.01 (5.16) 
i= 1 
The value of Yc is obtained from 
where 6 = 11.6v/u* is the thickness of the laminar sublayer. 
The function f (u* /wi) was given graphically by Laursen (1958). 
For this analysis, the following equation was fitted to the curve: 
where X = log(u*/wi). 
The results of the analysis for laboratory data are given in 
Fig. 5.9a and Table 5.11a, and for field data, the results are given 
in Fig. 5.9b and Table 5.llb. 
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This is the most recently developed technique discussed. 
According to this method, the dimensionless transport rate, a, 
is determined from 
in the range 
The quantity r' is defined from 
which is the Strickler equation. 
The exponent m is given by 
The concentration can be determined from 
Equation 5 . 2 3  is slightly altered from the authors' equation 
by the removal of a factor of from the right side. As written 
here, Eq. 5 . 2 3  is dimensionless and conforms with the standard 
definition of a. The writer believes that there was a typesetting 
error in the original publication. 
The r e s u l t s  of t h e  a n a l y s i s  f o r  l a b o r a t o r y  d a t a  a r e  g iven  i n  
Fig.  5.10a and Table  5.12a, and f o r  f i e l d  d a t a ,  t h e  r e s u l t s  a r e  
g iven  i n  Fig.  5.10b and Table  5.12b. 

Table 5,12a 
Ratio of Predicted t o  Observed Conc. f o r  Ranga Raju e t  a l ,  Method - Lab Data 
Data S e t  
B AL 
BRO 
cos 
D AV 
FOL 
GUY1 
GUY 2 
NOR 1 
NOR2 
OJK 
PRA 
SIN 
STE 
STR 
T AY 
VAB 
VAH 
#LE4 
WLS 
ZNA 
A l l  
Number 
26 
5 
8 
69 
9 
20 
40 
12 
11 
14 
22 
16 
34 
21 
12 
14 
6 
5 
4 5 
14 
40 3 
Geo .Mean 
0,782 
1,499 
0,817 
"1608 
1 -706 
1.138 
1,067 
1 ,168 
0,908 
0 967 
0,723 
0,631 
1 .I43 
1.362 
I0O6l 
1,671 
0 o 769 
0.963 
1,237 
2,087 
1,160 
Median 
0,744 
"1 322 
0.944 
1.959 
1,795 
1,134 
0,981 
1,057 
0,736 
I ,119 
0,672 
0,608 
9 4131 
1,576 
1 .SO3 
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1.741 
1,115 
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Figure 5,10b Ratio of  con~entrat ion calculated by the Ranga Raju, Garde, and Bha~dwaj (19 
technique t o  observed eoncentration as  a function sf observed concentration, for field 
data, 
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5.3.10 Rottner Technique (1959) 
The Rottner (1959) technique is a simple equation which was 
based on dimensional analysis. Concentration is a function of a 
relative roughness, D /r, anda modified Froude number, FD, in 50 
the form: 
where 
The results of the analysis for laboratory data are given in 
Fig. 5.11a and Table 5.13a, and for field data, the results are 
given in Fig. 5.11b and Table 5.13b. 
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5.3.11 Shen and Hung Technique (1971) 
Shen and Hung (1971) developed a single equation using advanced 
curve fitting techniques. The equation does not use dimensionless 
parameters and the units are in the English system. The equation 
for C in ppm by mass is: 
log C = a o + alX + a2x2 + a3x3 
where 
The quantities v and w are the flow velocity and fall velocity 
of the median sediment particle, respectively, in ft/s. The 
coefficients are: 
a = -107404.46 
0 
al = 324214.75 
a2 = -326309.59 
a3 = 109503.87 
- 
a4 - 0.00750189 
- 
a5 - 0.00428802 
- 
a6 - -0.00239974 
which have been rounded to 8 significant figures. 
The results of the analysis for laboratory data are given in 
Fig. 5.12a and Table 5.14a, and for field data, the results are given 
in Fig. 5.12b and Table 5.14b. 
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5.3.12 T o f f a l e t i  Technique (1968) 
T o f f a l e t i  (1968) used t h e  Eins te in  (1950) method a s  an i n s p i r a t i o n  
f o r  t h e  development of t h i s  technique. Since the  technique is q u i t e  
complex, a f u l l  d e s c r i p t i o n  is not given here. F u l l  desc r ip t ions  o r  the  
method can be found i n  Vanoni (1975, pp. 209-213) and White, M i l l i ,  and 
Crabbe (1973, pp. 35-41 ). 
The p r i n c i p a l  s i m i l a r i t y  between the  E ins te in  and T o f f a l e t i  
techniques is t h e  use of an empirical equation t o  determine a bed load 
concentra t ion  from which the  suspended load concentrat ion can be 
determined. For the  Tof f a l e t i  technique, t h e  suspended zone is divided 
i n t o  an upper, middle, and lower zone. For each zone the  i n t e g r a l  of 
t h e  product of the  concentrat ion equation and the  ve loc i ty  equation has 
been replaced by an e x p l i c i t  function. These functions were developed 
f o r  the  English system of measurement, and a r e  not dimensionally 
homogeneous. 
Large amounts of f i e l d  and labora tory  d a t a  were used t o  determine 
t h e  empirical  coe f f i c i en t s .  Much of t h e  d a t a  used i n  t h e  ana lys i s  here 
were a c t u a l l y  used by T o f f a l e t i  (1968) i n  t h e  o r i g i n a l  development of 
t h e  technique. The M i s s i s s i p p i  River and Atchafalaya River d a t a  were i n  
f a c t  obtained from t h i s  source. 
The r e s u l t s  of t h e  ana lys i s  f o r  labora tory  da ta  a r e  given i n  
Fig. 5.13a and Table 5.15a, and the  r e s u l t s  f o r  f i e l d  da ta  are given i n  
Fig.  5.13b and Table 5.15b. 

Table 5*15a 
Ratio o f  Predicted t o  Observed Concentsation f o r  T o f f a l e t i  Method - Lab Daza 
Data S e t  
BAL 
BRO 
COS 
DAY 
FOL 
GUY1 
GUY 2 
NOR1 
NOR2 
OJK 
PRA 
SIN 
STE 
STR 
T AY 
VAB 
VAH 
Idm 
WLS 
ZNA 
All 
Number 
26 
6 
8 
69 
9 
27 
47 
22 
1 I 
1 4 
25 
20 
44 
21 
12 
13 
6 
5 
77 
14 
476 
Geo . Mean 
0.6 14 
1,648 
1.291 
1.533 
0,830 
1 0273 
1.599 
I .274 
0,276 
0 907 
0,326 
0 . 362 
0.298 
1,411 
1.468 
1.746 
1 323 
0,374 
3 a 445 
6,065 
1,166 
Median 
0,531 
1,512 
10105 
1,547 
0 0 757 
1,245 
1.430 
1,138 
0,2b8 
O,gI 1 
0,226 
0.413 
0.2'14 
1.427 
1 a477 
1,990 
I .324 
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1,687 
1,312 
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5.3.13 Yang Technique (1973) 
This technique is based primarily on dimensional analysis. 
The principal variable is the dimensionless unit stream power, 
vS/w. Concentration is obtained from 
v 
log C = al + a2 log 
where 
wD5 0 u* 
al = -0.565- 0.286 log -- 0.457 log y 
v 
WD50 u* 
a2 = 1.799 - 0.409 log -- 0.314 log y 
v 
and w is fall velocity. 
The critical velocity is determined from 
As written here, the concentration is given in mass per unit 
mass. To convert to ppm, 6 should be added to the right side of 
Eq. 5.27. 
The results of the analysis for laboratory data are given in 
Fig. 5.14a and Table 5.16a, and for field data, the results are given 
in Fig. 5.14b and Table 5.16b. 

Data Set 
B AL 
BRO 
COS 
DAV 
FOL 
GUY1 
GUY2 
NOR 1 
NOR2 
OJK 
PRA 
SIN 
STE 
STR 
TAX 
VAB 
VAH 
N 
WLS 
ZNA 
A1 1 
Table 5,16a 
Ratio of Predicted t o  Observed Concentration f o r  Yang Method - Lab Data 
Number 
26 
6 
11 
69 
9 
27 
47 
22 
11 
14 
2 5 
20 
44 
2 1 
12 
14 
6 
5 
77 
14 
480 
Geo , Mean 
0.766 
1.446 
"1 827 
1.486 
1,258 
0,979 
1,137 
1,019 
2,915 
1 ,351 
1,649 
1,245 
0 e 943 
1 .I98 
1,165 
1.347 
1.004 
4,955 
0.945 
2.462 
1.215 
Median 
0.778 
1,275 
2,014 
L 3 8 5  
1,225 
0,865 
1,011 
0.993 
3,120 
1 0550 
1 ,590 
1,157 
0.928 
"1429 
1 .lo8 
1,163 
0,873 
4 * 730 
0.906 
2,102 
I ,094 
Maximum 
1,4b2 
1,815 
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3.162 
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5.4 Discussion 
I n  the  a n a l y s i s  of the  13 techniques, thousands of s t a t i s t i c s  a r e  
presented and over 10,000 po in t s  a r e  p lo t t ed  i n  t h e  26 graphs. This  
mountain of information is somewhat overwhelming. However, a l l  of t h e  
information has been provided f o r  a purpose. 
The f i g u r e s  help i d e n t i f y  t rends  i n  t h e  d a t a  t h a t  a r e  not evident  
from the  t ab les .  For example, the  Bagnold (1966) r e l a t i o n  d i sp lays  a 
d i s t i n c t i v e  trend i n  Fig. 5.3a. The trend suggests  t h a t ,  f o r  the  
labora tory  da ta ,  the  predicted concentrat ion tends t o  be near 1000 ppm 
regard less  of t h e  observed concentration. S imi lar  but l e s s  d i s t i n c t i v e  
t r ends  a r e  observed f o r  the  Graf (1968) equation (Fig. 5.8a) and t h e  
Rottner  (1959) equation (Fig. 5.1la). O f  course, excessive s c a t t e r  i n  
t h e  f igures  a l s o  c l e a r l y  ind ica tes  t h e  poor performance of a technique. 
The t a b l e s  have been presented i n  an e f f o r t  t o  evaluate the  
behavior of t h e  techniques under various combinations of condit ions.  
For example, t h e  Yang (1973) equation tends t o  over-predict f o r  the  two 
s e t s  of d a t a  with coarse sand, t h e  Williams da ta  and the  Nordin d a t a  
(WLM and NOR2, respect ive ly ,  i n  Table 5.16a). On t h e  o the r  hand, it 
tends t o  under p red ic t  f o r  deep r i v e r  d a t a  such as the  Atchafalaya River 
and t h e  Miss iss ippi  River (ATC and MIS2, respect ive ly ,  i n  Table 5.16b). 
Analogous behaviour can be seen f o r  many of t h e  techniques. 
A comparison of a l l  t h e  techniques, including the  proposed new 
method is given i n  Table 6.4 near t h e  end of t h e  next chapter.  
I n  general ,  t h e  newer methods which were f i t t e d  t o  l a r g e  amounts of d a t a  
have performed the  best .  Of t h e  methods discussed here, t h e  Ackers and 
White (1973) performed best  f o r  the  labora tory  da ta ,  while Engelund and 
Hansen (1967) d id  s l i g h t l y  b e t t e r  f o r  the  f i e l d  data. 
CHAPTER 6 
A NEW METHOD FOR PREDICTING SEDIMENT CONCENTRATION 
I n  the  previous chapter ,  13 methods f o r  predic t ing  mean sediment 
concentrat ion i n  a channel were analyzed. Each method exhibi ted  
considerable s c a t t e r .  The bes t  methods gave reasonable r e s u l t s  f o r  the 
labora tory  data ,  but  were less s a t i s f a c t o r y  f o r  the  f i e l d  data. 
Probably only a l imi ted  amount of f i e l d  datawere ava i l ab le  when the  
var ious  techniques were being developed. 
I n  t h i s  chapter,  a new equation f o r  predic t ing  mean sediment 
concentrat ion is  proposed. I t  is based s o l e l y  on dimensional ana lys i s  
and a bes t  f i t  of the  ava i l ab le  da ta  used i n  t h e  ana lys i s  of e x i s t i n g  
techniques. The form of the  equation has been i n t e n t i o n a l l y  kept  a s  
simple and easy t o  use a s  possible,  under the  assumption t h a t  a c e r t a i n  
amount of s c a t t e r  is i n e v i t a b l e  and cannot be eliminated by increas ing 
t h e  complexity of  the  r e l a t ionsh ip  or the  analys is .  
6.1 Expected S c a t t e r  i n  Sediment Concentration 
To i l l u s t r a t e  the  amount of expected s c a t t e r ,  the  top t en  ava i l ab le  
discharge records f o r  the  Atchafalaya River a t  Simmesport, Louisiana 
have been analyzed. The observations, made between 196 1 and 1965, have 
a maximum discharge of 14,200 m 3 / s  and a minimum discharge of 10,200 
m 3 / s .  Figure 6.1 shows the  veloci ty ,  depth and bed-material 

concentrat ion,  p l o t t e d  a s  f r a c t i o n  of the  r e spec t ive  mean values, f o r  
t h e  t e n  records. The s c a t t e r  i n  the  sediment concentrat ion is much 
l a r g e r  than the  f l u c t u a t i o n s  i n  ve loc i ty  and depth. I n  f a c t ,  t h e  range 
i n  t h e  sediment concentrat ion is  g r e a t e r  than a f a c t o r  of three. 
The s t a t i s t i c s  of some of the  hydraulic and sediment va r i ab les  f o r  
t h e  t en  observations are given i n  Table 6.1. The f l u c t u a t i o n s  i n  
concentra t ion  C,  expressed a s  standard devia t ion  a s  percent  of the  
mean, a r e  l a r g e r  than t h e  f l u c t u a t i o n s  i n  any of t h e  o the r  var iables .  
For the  narrow range of condit ions,  concentra t ion  is  shown t o  be 
v i r t u a l l y  uncorrelated wi th  any of the  given va r i ab les ,  with the  
exception of a weak, probably spurious,  negative c o r r e l a t i o n  with a 
g 
Large f luc tua t ions  i n  sediment concentrat ion over a narrow range of 
hydraul ic  and bed-material condi t ions  a r e  not  unique t o  the  Atchafalaya 
River. Therefore, t h e  bes t  t h a t  can be hoped f o r  i n  predic t ing  
concentra t ion  from cross- sectional  averaged hydraulic  and bed mater ia l  
p roper t i e s ,  i s  an accurate est imate of the  expected value and an 
i n d i c a t i o n  of the  range of va r i a t ions  of concentration. 
6.2 Width and Depth E f f e c t s  
For the  laboratory da ta ,  a sidewall co r rec t ion  has  been used t o  
a d j u s t  the  hydraulic r a d i u s  t o  el iminate the  e f f e c t s  of the  flume walls. 
If sediment concentrat ion is corre la ted  wi th  ve loc i ty ,  however, t h e  
s idewal l  co r rec t ion  w i l l  be  of l i t t l e  use. The labora tory  experiments 
of  Williams (1970), conducted i n  flumes with d i f f e r e n t  widths, have been 
TABLE 6.1 
Atchafalaya River at Simmesport, Louisiana 
Top Ten Observations Ranked by Discharge 
1961 through 1965 
Standard ~2 Standard Correlation between 
Variable Mean Deviation Deviation Concentration, C, 
as % Of Mean and Given Variable 
used t o  examine the  poss ib le  s idewal l  e f f e c t s ,  p l u s  e f f e c t s  of e r r o r s  
induced by very shallow depths. 
The r e s u l t s  of a l l  Williams (1970) experiments with concentra t ions  
g r e a t e r  than 10 p a r t s  p e r  mi l l ion  by weight a r e  p lo t t ed  i n  Fig. 6.2a. 
The dimensionless group p lo t t ed  along the  absc issa  was determined from 
t h e  ana lys i s  which follows l a t e r  i n  this chapter. The data  p lo t t ed  i n  
Fig. 6.2a e x h i b i t  a l a r g e  amount of s c a t t e r .  I n  Fig. ,6.2b only 
width-to-depth r a t i o s  g r e a t e r  than four have been plot ted,  and the  
s c a t t e r  has been g r e a t l y  reduced. I n  Fig. 6.2c, t h e  ~ a ~ b r i c t i o n  t h a t  
d/DS0 be g r e a t e r  than 50 has been added, r e s u l t i n g  i n  a g r e a t e r  
reduct ion  of s c a t t e r .  
Throughout this repor t  a width-to-depth r a t i o  of 4 has been used as 
t h e  lower l i m i t  i n  a l l  analyses. Also, t h e  r e l a t i v e  roughness, def ined  
by P / D ~ ~ ,  w a s  l i m i t e d  t o  va lues  g r e a t e r  than 100. These r e s t r i c t i o n s ,  
along wi th  a lower l i m i t  of 10 ppm fo r  concentration, reduced the  
Williams (1970) d a t a  from 177 observat ions  t o  5 observations f o r  the  
purposes of t h i s  report.  
6.3 C r i t i c a l  Velocity 
The n c r i t i c a l n  shear  s t r e s s  a t  which motion begins on the  bed can 
be determined from a Shie lds  diagram, such a s  given by Vanoni (1975, 
p. 96). By combining the  Shie lds  diagram with the  ana lys i s  presented i n  
Chapter 4 ,  t he  c r i t i c a l  ve loc i ty  of a channel can be determined. 

The S h i e l d s  diagram has  t h e  form 
which can e a s i l y  be  transformed i n t o  t h e  form 
The transformed S h i e l d s  curve, p l o t t e d  i n  Fig. 6.3, can be approximated 
where Y = (IT .,)-O ." 
The o r i g i n a l  S h i e l d s  d a t a  (Vanoni, 1965) a r e  a l s o  p l o t t e d  i n  Fig. 6.3. 
Gessler (1971) has  suggested t h a t  t h e  S h i e l d s  Diagram as given  by 
Vanoni (1975) i s  f o r  dune covered beds. If t h i s  is t h e  case,  t hen  t h e  
lower regime Eq. 4.10a should be u s e f u l  i n  r e l a t i n g  shea r  stress t o  
v e l o c i t y .  Rearrangement of Eq. 4.10a f o r  cr i t ical  cond i t i ons  g i v e s  an 
equa t ion  f o r  t h e  g r a i n  Froude number: 
from which v e l o c i t y  can be determined, where F g =vd- 
Given s lope ,  water temperature,  and bed-material  p rope r t i e s ,  i t  i s  
p o s s i b l e  t o  determine t h e  cr i t ical  g r a i n  Froude number, and hence 
v e l o c i t y ,  from Eqs. 6.3 and 6.4. 

6.4 Dimensional Analysis 
Were a dimensional ana lys i s  is presented which is analagous t o  the  
one presented i n  Chapter 4. I n  t h i s  mse,  t h e  dependent v a r i a b l e  i s  
sediment concentra t ion  ins tead  of hydraulic radius. 
If Eq. 4.1 i s  c o r r e c t  then a r e l a t ionsh ip  f o r  sediment 
concentrat ion should have the  general  form 
The e i g h t  independent va r i ab les  can be rearranged i n t o  f i v e  
dimensionless groups : 
From the  a n a l y s i s  i n  Chapter 4,  given the  independent dimensionless 
groups i n  Eq: 6.6, mul t ip le  values of flow depth a r e  possible. I t  i s  
l o g i c a l  t o  assume t h a t  mul t ip le  values of sediment concentrat ion a r e  
a l s o  possible. Prom-the methbct fn'GNapter L ,  qfc can be ~ ~ s e d  t o  
F t h e  g ra in  Froude number and P / D ~ ~ ,  t h e  r e l a t i v e  roughness. I t  is 
8' 
therefore  assumed t h a t  f o r  a given diasharge, q, e i t h e r  r and v a r e  
known or  can be ca lcula ted  from the  method i n  Chapter 4. Also, t h e  
Reynolds number, R ,  can be combined wi th  o ther  dimensionless groups t o  
produce the  g r a i n  Reynolds number, go Now Eq. 6.6 can be replaced by 
where the  following d e f i n i t i o n s  apply: 
v Grain Froude number, F = 4- 
7 
Grain Reynolds number, - I b 5  "B Rg - v 
In  Eq. 6.7, Fg , r / D S o  and S cannot all be specified independently, but all 
t h r e e  have been used i n  t h e  ana lys i s  t o  avoid t h e  mul t ip le  value problem 
discussed i n  Chapter 4. 
During t h e  course of the  inves t iga t ion ,  i t  was noticed t h a t  the  
f i e l d  da ta  tended t o  have s l i g h t l y  higher sediment concentrat ions than 
labora tory  d a t a  for  s i m i l a r  ranges of dimensionless groups. To 
compensate f o r  such a d i s p a r i t y ,  a dummy var iable  was used t o  f l a g  f i e l d  
d a t a  and al low f o r  a d i f f e r e n t  sediment concentrat ion f o r  a f i e l d  
observation wi th  t h e  same dimensionless parameters as a labora tory  
observation. A poss ib le  cause f o r  t h i s  d i s p a r i t y  is discussed i n  
s e c t i o n  6.5. 
Mult iple regress ion  ana lys i s  was used t o  develop an equation with 
t h e  general  form of Eq. 6.7. The resu l t ing  equation is: 
where c F i s  t h e  c o e f f i c i e n t  f o r  f i e l d  da ta  given by 
c F =  1 ....... f o r  labora tory  data ,  and 
c F =  1.268 ... f o r  f i e l d  data. 
F is  t h e  c r i t i c a l  g r a i n  Froude number determined from Eq. 6.3 and 
go 
Eq. 6.4. For i d e n t i c a l  independent dimensionless groups, t h e  
concentra t ion  f o r  f i e l d  da ta  is on t h e  average 26.8 percent higher than 
2 f o r  l a b  data.  The mul t ip le  c o r r e l a t i o n  coe f f i c i en t ,  R = 0.955 ( R  = 
0.312). 
The parameters on t h e  r i g h t  s i d e  of Eq. 6.7, and i ts s p e c i f i c  
d e f i n i t i o n ,  Eq. 6.8, were ar r ived at  through an i t e r a t i v e  procedure. An 
attempt was made t o  combine the  bes t  f e a t u r e s  of the  Ackers and White 
(1973), Engelund and Hansen (1967), and Yang (1973) techniques. Both 
Engelund and Hansen (1967) and Yang (1973) used t h e  product of ve loc i ty  
and s lope  i n  t h e i r  re la t ionships .  I n  each case  the  e f f e c t  of s lope  
seemed too  g rea t .  Both Ackers and White (1973) and Yang (1973) 
e f f e c t i v e l y  have c r i t i c a l  ve loc i ty  terms ( t h e  term A i n  t h e  Ackers and 
White r e l a t i o n s h i p  a c t s  l i k e  a c r i t i c a l  value of t h e i r  mobi l i ty  number). 
From t h e  present  ana lys i s ,  t h e  most successful  combination r e s u l t i n g  i n  
Eq. 6.8 was a ve loc i ty  minus c r i t i c a l  ve loc i ty  term ( F ~  - F ~ &  slope,  and 
! 
a depth term ( r l ~ ~ ~ ) .  
The d a t a  s e t  used i n  t h e  a n a l y s i s  is  i d e n t i c a l  t o  the  set of d a t a  
used t o  examine t h e  e x i s t i n g  re l a t ionsh ips .  The da ta  sources a r e  l i s t e d  
i n  Tables 5.2a and 5.2b, and t h e  r e s t r i c t i o n s  o r  f i l ters imposed on 
c e r t a i n  parameters a r e  given i n  Table 5.3. 
A l l  dimensionless groups i n  Eq. 6.7 a r e  independently required f o r  
t h e  c a l c u l a t i o n  of concentrat ion,  with the  exception of (P ,- P) /P, which 
is a constant  f o r  sand-bed channels. If Fg and r / D S 0  a r e  not known 
(i.e. i f  ve loc i ty  and depth a r e  not known independent of discharge) they 
can be determined i f  q ,  is known, by the  method proposed i n  Chapter 4. 
However, some of the  dimensionless groups e n t e r  only i n  the  d e f i n i t i o n  
of  the  c r i t i c a l  g r a i n  Froude number, 
A simple rearrangement of Eq. 6.8 al lows a reasonable graphica l  
r ep resen ta t ion  of" the  analysis .  The approximation of Eq. 68 by: 
allows sediment concentrat ion t o  be p lo t t ed  a s  a funct ion  of g r a i n  
Froude number times s lope  t o  the  1/3 power. The predicted concentrat ion 
cannot, however, be p lo t t ed  a s  a l i n e  s ince  both the  c r i t i c a l  g r a i n  
Froude number and the  r e l a t i v e  roughness w i l l  vary with each 
observation. For most da ta  sets these v a r i a t i o n s  w i l l  not  be too l a r g e  
and therefore  p l o t s  of each data  s e t  should show l i t t l e  sca t t e r .  P l o t s  
of  t h i s  type a r e  shown i n  Figs. 6.4a-t f o r  labora tory  da ta ,  and i n  
Figs. 6-5a-k f o r  f i e l d  data. 
A s t a t i s t i c a l  a n a l y s i s  of the  r a t i o  of predicted concentrat ion t o  
observed concentrat ion is given i n  Tables 6.2 and 6-3. The i n d i v f d u a l  
r a t i o s  f o r  labora tory  d a t a  a r e  p lo t ted  i n  Fig. 6.6a and f o r  f i e l d  data 
i n  Fig. 6.6b. The r e s u l t s  seem qu i t e  reasonable when one considers  the  
amount of s c a t t e r  i n  the  source data,  a s  i l l u s t r a t e d  by Fig. 6-1. 
6.5 Ef fec t s  of a Nonrectangular Cross-Section 
One p r inc ip le  d i f fe rence  between labora tory  and f i e l d  observations 
is t h a t  the  labora tory  channels tend t o  be much more rec tangular  i n  
cross- section than r i v e r  channels. For i r r e g u l a r  channels, the  
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PROPOSED METHOD - F I E L D  DATA 
.b 
I ,  , , , I  I I , , # I  I ,  , , , I  I , I , ,  
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OBSERVED C O N C E N T R A T  I O N  ( p  p m )  
Figure 6.6b Ratio of  concentrat ion ca lcu la ted  from Eq. 6,8 o r  Eq. 6,9 technique t o  observed 
concentra t ion  a s  a funct ion  of observed concentrat ion,  fo r  f i e l d  data. 
concentra t ion  computed from cross- sectional  averaged hydraulic  va r i ab les  
w i l l  be d i f f e r e n t  from concentrat ion ca lcula ted  from l o c a l  hydraulic  
p r o p e r t i e s  and in teg ra ted  over the  cross-section. The ana lys i s  t h a t  
fo l lows was undertaken t o  explore the  poss ib le  connection between the  
observed d i f ference  i n  labora tory  and f i e l d  observations of sediment 
concentra t ion  and the  exis tence  of i r r e g l u l a r  r i v e r  cross- sections,  
The problem is i l l u s t r a t e d  schematically i n  Fig. 6.7. I n  t h e  
de r iva t ion  t h a t  follows, t h e  subsc r ip t  " i l l  i s  lased to i n d i c a t e  values of 
ve loc i ty ,  depth, and concentrat ion f o r  the  ith element i n  the cross-section. 
A l l  non-subscrip ted rep resen ta t ions  of these va r i ab les  r e f e r  t o  
cross- sect ional ly  averaged values. The de r iva t ion  t h a t  fol lows assumes 
t h a t  f o r  a given channel t h e  slope and bed-material p r o p e r t i e s  are 
constant.  
For a r i v e r  with dunes, a depth-velocity r e l a t i o n s h i p  at any point  
i n  the  cross- section should behave l i k e  Eq, 4.10a with r replaced by the  
l o c a l  depth, dl. Rearranging and incorporat ing slope,  g r a v i t y  and 
bed-material p roper t i e s  i n  the  constant  y i e l d s  an expression f o r  the  
l o c a l  ve loc i ty  ; 
where bl = 0.53, approximately. 
If the  flow ve loc i ty  is considerably l a r g e r  than t h e  c r i t i c a l  
ve loc i ty ,  then a similar treatment of the  concentrat ion Eq. 6.8 y ie lds :  

where b2 = 2.0 and b3 = -0.33, approximately, Here the  c r i t i c a l  
v e l o c i t y  term has been neglected. Omission of the  c r i t i c a l  ve loc i ty  
term from Eq. 6.1 1 w i l l  cause an wer- est imation of the  l o c a l  
concentrat ion,  par  titularly near the  s i d e s  of the  cross- section. For 
r i v e r s  where a s i g n i f i c a n t  t r anspor t  r a t e  e x i s t s ,  such as many shown i n  
Figs. 6.5a- j, t h i s  e r r o r  w i l l  be small. 
I n  order  t o  explore the  e f f e c t  of an i r r e g u l a r  cross- section, a 
c e r t a i n  cross- sect ional  shape is required. Leopold and Maddock (1953) 
have shown t h a t  r e l a t i o n s h i p s  of the  following form e x i s t  f o r  most 
r i v e r s  : 
and d = cQ f (6.13) 
For observations a t  a s t a t i o n ,  they found t h e  average values t o  be b = 
0.26 and f = 0.40. 
Elimination of Q from Eqs. 6 -1 2 and 6.13 y i e l d s  
where A is a general  c o e f f i c i e n t  and B = f/b, and has the  average value 
B = 1.54. 
One cross- sect ional  depth d i s t r i b u t i o n  which s a t i s f i e s  Eq. 6.14 i s  
di 
= (?)a [wB - (2ylB] for y > o 
If B=2, then Eq. 6.15 provides f o r  a parabolic  cross- section. However, 
t h e  a c t u a l  shape of the  cross- section is l e s s  important than the  
i n t e g r a l  p r o p e r t i e s  of t h e  depth d i s t r i b u t i o n .  Therefore,  Eq. 6 . 1 5  
should be s a t i s f a c t o r y ,  s i n c e  when i n t e g r a t e d  w e r  t h e  c ros s- sec t ion  i t  
satisfies Eq. 6 .14 .  
The mean sediment concent ra t ion  i n  the s e c t i o n  can be ca l cu la t ed  
from 
S u b s t i t u t i n g  Eqs. 6 .10  and 6 .11 ,  and d iv id ing  by t h e  concen t r a t ion  
c a l c u l a t e d  from t h e  mean depth g i v e s  
S u b s t i t u t i n g  Eq. 6 . 1 5  g i v e s  
The use  of t h e  t ransformat ion  u = 2y/w g i v e s  
F ina l ly ,  r e c a l l i n g  Eq. 6.14, Eq. 6 .19  can  be reduced t o  
Simpsonts Rule was used to c a l c u l a t e  t h e  i n t e g r a l s  i n  Eq. 6.20 f o r  
a range of B values. From these values, C/C(d) has been ca lcula ted  and 
i s  p l o t t e d  i n  Fig. 6,8. The average value of B = 1.53 from Leopold and 
Maddock (1953) y i e l d s  C/C(d) = 1.43, which should be compared wi th  the  
observed cor rec t ion  f o r  f i e l d  data, c F  1,268. These values a r e  
reasonably c lose ,  e s p e c i a l l y  when one r e c a l l s  t h a t  the  omission of the  
c r i t i c a l  ve loc i ty  term from Eq, 6,11 w i l l  tend t o  cause an 
over- estimation of C/C(d) . 
The a n a l y s i s  presented here suggests  t h a t  the  i r r e g u l a r i t y  of r i v e r  
cross- sect ions  could indeed be responsible f o r  the  observed higher 
va lues  of Meld  measurements of sediment concentrat ion over labora tory  
measurements. F igure  6.8 shows tha t  the  amount of t h i s  f a c t o r  w i l l  
change from r i v e r  t o  r i v e r  based on the  s p e c i f i c  channel shapes. From 
t h e  a v a i l a b l e  da ta ,  t h e  value c - 1.268 seems to be a reasonable F - 
average value of t h i s  mu1 t i p l i c a t i v e  fac tor .  
6.6 Cmparison with Exis t ing  Methods 
A s t a t i s t i c a l  comparison of ava i l ab le  methods f o r  ca lcu la t ing  
sediment concentra t ion  is given i n  Table 6.4. The table  g ives  the  
geometric mean and geometric standard devia t ion  of the  r a t i o  of computed 
t o  observed sediment concentrat ion f o r  both laboratory and f i e l d  
observations.  A graphica l  d i sp lay  of  t h e  s t a t i s t i c s  is presented i n  
Fig, 6.9. The comparison is somewhat u n f a i r  i n  t h a t  the  proposed method 
was f i t t e d  t o  t h e  same da ta  used t o  make t h e  comparison. O f  course, 

Table 6.4 
Geometric Mean and Geometric Standard Deviation of t h e  Ratio 
of  Predicted t o  Observed Concentration f o r  A 1 1  Methods, f o r  
Laboratory and Field Conditions 
Inves t iga to r  
Laboratory Field 
Number Mean S.D, Mean S,D. 
Ackers and White ( 1973) 
Bagnold ( I966 ) 
Bishop et al. (1965) 
E ins te in  ( 1950 ) 
Engelund and Fredsoe ( 1 976) 
Engelund and Hansen ( 1967) 
Graf ( '1971) 
Laursen ( 1958) 
Ranga Ra ju e t  al. ( 1981 
Rottner (1959) 
Shen and Hung (1971) 
T o f f a l e t i  (1968) 
Yaw (1973) 
Brownlie ( 1981 ) 

some of these data werealso used i n  the  de r iva t ion  of mny of  t h e  
e x i s t i n g  methods, 
The geometric mean and geometric standard devia t ion  were ca lcula ted  
by taking the  an t i logs  of the  mean and standard deviat ion,  r e spec t ive ly ,  
o f  the  logari thms of r a t i o s  of computed to observed concentration. A s  
shown i n  Chapter 5 ,  t h e  e r r o r s  tend t o  be logaormal ly  d i s t r i b u t e d ,  and 
the re fo re  these  two parameters p r w i d e  a good desc r ip t ion  of the  
d i s t r i b u t i o n .  Approximately 68 p e r c e n t  of t h e  d a t a  c a n  be  found t o  l i e  
i n  a range from the  geometric mean divided by t h e  geometric standard 
dev ia t ion  t o  the  geometric mean times the  geometric standard deviation. 
6.7 Summary 
A method has been proposed f o r  the  c a l c u l a t i o n  of the  mean ' 
bed-material concentrat ion i n  a channel. For the  convenience of the  
reader ,  t h e  necessary equations a r e  repeated here. The method assumes 
t h a t  t h e  bed-material proper t ies ,  s lope ,  and water temperature a r e  
known. The method a l s o  requ i res  hydraulic r ad ius  and mean ve loc i ty ,  
which i f  not known, can be ca lcula ted  i f  the  u n i t  discharge is known, 
from the  procedure described i n  Chapter 4 .  
F i r s t ,  c r i t i c a l  shear  s t r e s s  is determined e i t h e r  from Fig, 6.3 o r  
from Eq. 6.3: 
Next, t h e  c r i t i c a l  g ra in  Froude number is determined from Eq, 6.4 : 
Fina l ly ,  t h e  bed-material concentrat ion,  i n  p a r t s  per  mi l l ion  by 
weight, i s  determined from Eq. 6.8: 
where cF = 1 f o r  labora tory  condi t ions  and cF = 1,268 f o r  f i e l d  
condi t ions ,  
I n  t h e  de r iva t ion  of Eq. 6,8 concentrat ion i n  p a r t s  p e r  mi l l ion  by 
mass has been taken t o  be equivalent  t o  concentrat ion measured a s  
mil l igrams per  l i t e r .  For concentrat ions l e s s  than 16,000 ppm, this 
approximation w i l l  r e s u l t  i n  an e r r o r  of l e s s  than 1 percent.  The range 
of  concentra t ion  f o r  the  input  d a t a  used t o  develop Eq, 6.8 was from 10 
ppm t o  40,000 ppm. The ranges of t h e  values of o ther  parameters a r e  
given i n  Table 5,2a and 5,2b, and r e s t r i c t i o n s  on the  input  da ta  a r e  
summarized i n  Table 5.3. 
CHAPTER 7 
RECOMMENDATIONS FOR NUMERICAL MODEL DEVELOPMENT 
A numerical so lu t ion  t o  t h e  set of Eqs. 1.1 through 1.5 is 
presented i n  t h i s  chapter,  The proposed so lu t ion  is  not y e t  a working 
model, but r a t h e r  a test of t h e  p o s s i b i l i t y  of using the  new r e l a t i o n s  
f o r  flow depth and sediment concentra t ion  t o  define Eqs. 1.4 and 1.5, 
respect ive ly .  Later  i n  the  chapter  recommendations a r e  given f o r  
f u r t h e r  development of t h e  s o l u t i o n  techniques. 
7.1 Solut ions  t o  t h e  D i f f e r e n t i a l  Equations 
I m p l i c i t  f i n i t e  d i f f e rence  so lu t ions  t o  t h e  s e t  of Eqs. 1.1 through 
1.5 have been given by Cunge and Perdreau (1973), Liggett  and Cunge 
( l975) ,  and Ponce e t  a l .  (1979). These so lu t ions  have been pr imar i ly  
concerned with t h e  s impl i f ied  case where time de r iva t ives  i n  t h e  
momentum and con t inu i ty  equations,  Eqs. 1.1 and 1.2, respect ive ly ,  a r e  
neglected. The problem being a t tacked here is d i f f e r e n t  i n  t h a t  t h e  
f u l l  equations a r e  t o  be solved. 
Equations 1.1 through 1.3 can be rearranged i n  the  form 
aH 1 a u  
- - - - =  
ax g a t  
where 
qs = Cuh 
s 
hs = ( 1  - A ) ~ z  + Ch 
Equations 7.1, 7.2, and 7.3 each have the  genera .1 form 
where fl, f2 ,  and f3  are funct ions  of h, z, and u. 
Using t h e  standard f i n i t e  d i f f e rence  representa t ion ,  sometimes 
a t t r i b u t e d  t o  Preissmann (1965), t h e  terms i n  Eq. 7.4 can be 
approximated by 
where 0 i 0 5 1 is a weighting coe f f i c i en t ,  and t h e  d e l t a  ( A )  i n  f r o n t  
of  fbnct ions  fl , f2 ,  and f refers to t h e  change i n  the  value of t h e  3 
funct ion  over a time s t ep ,  as i l l u s t r a t e d  i n  Fig. 7.1. The incremental 
value of any funct ion  a t  any point  can be represented a s  shown here f o r  
t h e  funct ion  f 1 
Figure 7.1 Definition sketch for four-point 
implicit finite difference scheme. 
Given expressions f o r  t h e  f r i c t i o n  f a c t o r ,  f ,  and t h e  concen- 
t r a t i o n ,  C ,  a set of l i n e a r  f i n i t e  d i f f e renceequa t ions  can be 
es tabl i shed and solved f o r  t h e  incremental values Ah, Az, and Au a t  a l l  
po in t s  along t h e  channel. Here the  s o l u t i o n  of t h e  f i n i t e  d i f f e rence  
equations was accomplished through t h e  use  of Gauss e l iminat ion  with 
p i v i t o l  condensation and back s u b s t i t u t i o n  (McCracken and Dorn, 1968). 
A d e f i n i t i o n  of f f o r  t h e  lower flow regime can be obtained by a 
rearrangement of Eq. 4.10a, and f o r  the  upper flow regime by a 
rearrangement of Eq. 4.10b. Rearrangements of Eqs. 4.10a and 4.1Ob 
solv ing f o r  seve ra l  dimensionless q u a n t i t i e s  a r e  g iven i n  Table 7.1. 
When flows a r e  e n t i r e l y  i n  one flow regime o r  the  o ther ,  t h e  d e f i n i t i o n  
of f is the re fo re  e a s i l y  accomplished. However, f o r  s i t u a t i o n s  
involving both flow regimes, a t r a n s i t i o n  mechanism w i l l  be required. 
Such a mechanism has not y e t  been developed. 
The concentra t ion  can be determined from Eq, 6.8 a f t e r  first 
determining t h e  c r i t i c a l  g r a i n  Froude number from Eqs. 6.3 and 6.4. 
Equation 6.8 g ives  an  equil ibrium s o l u t i o n  f o r  s teady flow oonditions. 
If  a sudden change i n  flow condi t ions  occurs, a non-equilibrium value of 
concentra t ion  may e x i s t .  Dobbins (1944) has developed a t r a n s i e n t  
s o l u t i o n  f o r  t h e  sediment concentrat ion p r o f i l e  a f t e r  a change i n  
turbulence i n t e n s i t y ,  The first eigenvalue of t h e  t r a n s i e n t  so lu t ion  
given by Dobbins (1944) has been used t o  a d j u s t  the  equil ibrium value of 
concentration. The r e s u l t i n g  equation provides f o r  an exponential decay 
o r  growth from one equil ibrium condi t ion  t o  another ,  
Using t h i s  approximation, the  concentra t ion  at point  j, C can be j ' 

Table 7.1 
-Continued- 
Regime 
Friction Factor 
= O.l64(s - 1) Lower f =  , 
v 
Froude Number 
v Lower F =-  = 4.53 S 0.389(~)0*~~~~~-0.161 
6F g 
Notes: 1. For use with the differential equations velocity "v" should be replaced by 
the x component of velocity "u',' and "r" should be replaced by "dl1. 
2. s = ps/p = specific gravity. 
3 .  For statistical reasons three ar four significant figures are retained in 
the coefficients and exponents, although the accuracy of the computed results 
cannot be considered to be more than about two significant figures. 
determined from t h e  equil ibrium concentrat ion a t  j, Cej ,  (from Eq. 6.8) 
and t h e  concentra t ion  a t  upstream point  j + 1 ,  Cj+ l ,  from 
W where 8 = - 
2~ 
f3 and 2 cot(ha) = - - - 
B a 
and ta is t h e  f a l l  v e l o c i t y  o f  t h e  p a r t i c l e s  and E is t h e  tu rbu len t  
d i f f u s i o n  coe f f i c i en t .  The concentrat ion a t  the  top of t h e  reach is 
neccesa r i ly  assumed t o  be at equilibrium, I n  test runs t h e  adjustment of 
t h e  equil ibrium concentra t iqn  i n  t h i s  manner had only a smal l  (on the  
o rde r  of 10 percent)  inf luence  on the  concentration. When t h e  
equi l ibr ium value of concentra t ion  changes abrupt ly  from one l o c a t i o n  t o  
another, t h e  e f f e c t  may be much g r e a t e r ,  
I n  developing Eq, 7.14, only t h e  first eigenvalue of  t h e  Dobbins 
(1944) s o l u t i o n  was used. This s i m p l i f i c a t i o n  w i l l  be v a l i d  f o r  l a r g e  
enough time s t eps .  However, more research is needed both experimentally 
and a n a l y t i c a l l y  t o  v e r i f y  t h e  use of Eq, 7.14, 
For t h e  test runs, t h e  boundary condi t ions  cons is ted  of  one 
downstream condi t ion  and two upstream condit ions,  The downstream 
condi t ion  is  a cons tant  water su r face  e levat ion ,  expressed i n  f i n i t e  
d i f f e rence  form as 
The upstream condit ions a r e  
u,Ahn+ h n ~ u  n = Aq - AhnAun 
The term A q  i n  Eq. 7.16 is the  change i n  the  inflow over a time s t e p  f o r  
some given inflow hydrograph. Since the  q u a n t i t i e s  Ahn and Aun appear 
as a product on t h e  r i g h t  s i d e  of  Eq. 7.16, an i t e r a t i v e  procedure is 
required t o  so lve  f o r  the  upstream depth and ve loc i ty ,  This  second 
order  co r rec t ion ,  applied only a t  the  upstream boundary, al lows f o r  an 
exact  r ep resen ta t ion  of  t h e  inflow hydrograph. Equation 7.17 impl ies  
t h a t  the  bed a t  the  upstream end of  t h e  reach is f ixed,  which agrees 
with the  assumption t h a t  the  inflow concentrat ion is a t  equil ibrium, 
Some test r e s u l t s  are shown i n  Figs. 7.2 through 7.5." Water 
su r face  e l eva t ions  a t  15  minute i n t e r v a l s  along a 6 k i lometer  test reach 
a r e  shown i n  Fig. 7.2. The inflowing flood wave has a dura t ion  of  1 
hour. The channel has a bed s lope  of 0.001 and a uniform sand bed with 
a p a r t i c l e  s i z e  of D50 =0,4 mm. The model parameters a r e  a s  follows: Ax 
= 100 meters,  A t  = 9 seconds and t h e  weighting f a c t o r  f o r  t h e  i m p l i c i t  
scheme, 8 = 0.5. The i n i t i a l  condi t ion  is derived from a s teady- sta te  
backwater ca lcu la t ion .  
The passage of t h e  flood wave through t h e  reach is i l l u s t r a t e d  i n  
Fig. 7.3. The f i g u r e  i l l u s t r a t e s  how t h e  wave is at tenuated by f r i c t i o n  
losses  a s  it passes through the  reach. Although t h e  bed e l e v a t i o n  is 
not  f ixed,  its changes a r e  imperceptible on t h i s  time scale.  
An unusual aspect  of t h i s  type of  numerical s imulat ion is t h e  
a b i l i t y  t o  examine hys te res i s  e f fec t s .  The term Whysteresisw i n  
hydraulic  app l i ca t ions  r e f e r s  t o  s i t u a t i o n s  where p roper t i e s  such as 
flow depth o r  sediment concentrat ion have d i f f e r e n t  values f o r  a given 
discharge during r i s i n g  and f a l l i n g  s tages .  Figure 7.5 shows how t h e  
*The lower regime Eq.  7.16a has been used i n  t h i s  example; t r a n s i t i o n  
between regimes has  not  been included (see p. 204 f o r  f u r t h e r  d i scuss ion ) .  
WATER SURFACE P R O F I L E S  - F I R S T  HOUR 
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W A T E R  SURFACE P R O F I L E S  - SECOND HOUR 
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F i g u r e  7.2 Water s u r f a c e  p r o f i l e s  f o r  model t e s t  reach f o r :  ( a )  t = 0 t o  
60 minu tes ,  and (b) t = 60 t o  120 minu tes .  
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Figure 7 . 3  Attenuation of inflow hydrograph; hydrographs shown 
at a one kilometer interval. 
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Figure 7.4 Sediment concentrations along test reach for: 
(a) t = 0 to 60 minutes, and (b) t = 60 to 120 
minutes . 
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Figure 7.5 Sediment concentration rating curves. 
sediment concentrat ion may be higher during t h e  r i s i n g  limb of  a flood 
wave than during t h e  f a l l i n g  limb, f o r  a given discharge. The e f f e c t  is 
very no t i ceab le  a t  the  top of t h e  channel reach,  and neg l ig ib le  a t  the  
downstream end where flow depth is contro l led  by t h e  boundary condition. 
7.2 Recommendations f o r  Future  Work 
I n  Chapter 1 f i v e  problems t h a t  one might encounter when applying 
the  HEC-6 model t o  s i t u a t i o n s  involving r a p i d l y  changing flows were 
discussed. A l l  f i v e  of these  problems have been addressed t o  some 
ex ten t  i n  t h i s  repor t ,  The first two po in t s  involved s i m p l i f i c a t i o n s  t o  
the  bas ic  d i f f e r e n t i a l  equations which have been avoided i n  t h e  i m p l i c i t  
so lu t ion ,  The t h i r d  point  d e a l t  with the  d e f i n i t i o n  of s lope  o r  
f r i c t i o n  f a c t o r ,  and was considered i n  Chapters 3 and 4. The four th  
point  concerned the  s e l e c t i o n  of a concentrat ion r e l a t i o n s h i p  and was 
addressed i n  Chapters 5 and 6. The f i n a l  point  d e a l t  with t h e  f a c t  t h a t  
sediment concentrat ion would not always be a t  an equil ibrium value. 
While t h i s  point  has been addressed t o  some ex ten t ,  c l e a r l y  more work is 
needed, a s  mentioned previously, Additional improvements are discussed 
here, 
Probably t h e  most important next s t e p  i n  t h e  development of t h e  
model would be t h e  implementation of a f'unction descr ib ing t h e  
t r a n s i t i o n  between the  upper and lower flow regimes, S t a t i c  o r  slowly 
changing t r a n s i t i o n  was discussed i n  Sect ion  4.3, WStaticn t r a n s i t i o n  
r e f e r s  t o  a s teady flow i n  t h e  t r a n s i t i o n  regime. During an a c t u a l  
t r a n s i t i o n ,  t h e  time scale of bed form changes may be s i g n i f i c a n t l y  
longer than the  time sca le  of the  changes i n  t h e  hydraulic var iables .  
One approach t o  the  development of a funct ion  which desc r ibes  the  
t r a n s i t i o n  from one flow regime t o  the  o the r  would be t o  desc r ibe  t h e  
behavior of  t h e  e f f e c t i v e  bed roughness, kd i n  Eq. 4.4. Gee (1973) and 
Wijbenga and Klaassen (1981) have performed experiments on t h e  t r a n s i e n t  
behavior of dunes. Allen ($978) and Fredsoe (1979) have presented  
a n a l y t i c a l  expressions f o r  the  t r a n s i t i o n  from one dune height  t o  
another, Wijbenga and Klaassen (1981) have suggested t h a t  t h e  present  
t h e o r e t i c a l  expressions a r e  not t o t a l l y  s a t i s f a c t o r y .  
More work is needed both a n a l y t i c a l l y  and experimentally on the  
behavior  of dunes during t r a n s i t i o n .  If an a n a l y t i c a l  express ion  were 
developed, t h e r e  would still be t h e  problem of adapting it t o  numerical 
modeling appl ica t ions ,  
Another aspect  of t h e  problem which requ i res  more research  is t h e  
phenomenon of armoring o r  g ra in  so r t ing ,  Gessler  (1971) proposed a 
p r o b a b i l i s t i c  approach t o  the  bed armoring process which may provide a 
s a t i s f a c t o r y  mechanism i n  a numerical model. This method al lows f o r  an 
i nc rease  i n  the  median p a r t i c l e  s i z e  of t h e  bed mater ia l  a s  t h e  bed 
undergoes degradation. This method has been adapted f o r  use  i n  t h e  
HEC-6 model, but  l i t t l e  work has been done which would v e r i f y  its 
accuracy. 
7.3 Discussion 
The regress ion  procedure used t o  develop t h e  flow depth equation 
was based on the  assumption t h a t  e r r o r s  occur i n  the  depth measurements, 
and t h a t  discharge and s lope  are known accurately.  The r e s u l t i n g  e r r o r s  
a r e  on the  order  of 10 percent  i n  the  p red ic t ion  of depth, The values 
of the  exponents of Eqs. 4.10a and 4.10b a r e  such t h a t  when they a r e  
rearranged t o  so lve  f o r  o ther  va r i ab les ,  as done i n  Table 7.1, d i f f e r e n t  
values of e r r o r  can be expected, If one considers  t h a t  ve loc i ty  and 
depth a r e  known accurately,  then  e r r o r s  i n  predic t ing  observed s lope  m y  
be on the  order  of 3 3  percent.  
The depth predic tor  and concentrat ion p red ic to r  were developed wi th  
the  notion of so lv ing t h e  equations using the  s e t  of i n i t i a l  condi t ions  
and boundary condi t ions  a s  prescribed i n  the  example given here. The 
i n i t i a l  condi t ions  a r e  based on a backwater c a l c u l a t i o n  which u t i l i z e d  
the  flow depth p red ic to r  t o  obta in  the  normal depth (asymptotic upstream 
condi t ion ) .  Accuracy problems associa ted  wi th  the  predic tor  of flow 
depth, as discussed above, may cause an i l l- condi t ioned system with 
o the r  sets of boundary condi t ions  and i n i t i a l  conditions. 
If the  r e l a t ionsh ip  between depth, s lope ,  and ve loc i ty  is known for  
a p a r t i c u l a r  r i v e r  s t a t i o n ,  then the  c o e f f i c i e n t s  and exponents given i n  
Table 7.1 can and should be adjusted t o  s a t i s f y  t h a t  re la t ionship .  A s  
is, t h e  c o e f f i c i e n t s  represent  values f i t t e d  t o  a l a r g e  body o f  da ta ,  
which can be adjusted f o r  any p a r t i c u l a r  r i v e r  a s  suggested by t h e  
e r r o r s  given i n  Table 4.1. 
For t h e  lower regime, f can be expressed as: 
ind ica t ing  t h a t  f is near ly  cons tant  f o r  a given s lope  and bed mater ia l .  
( A  value of x = 0.667 i n  Fig. 4.1 would have produced a constant  f. ) For 
t h e  upper regime, Manning n (metr ic  u n i t s )  can be expressed as: 
ind ica t ing  t h a t  n is near ly  cons tant  f o r  a given s lope  and bed mater ia l .  
( A  value of x = 0.6 i n  Fig. 4.2 would have produced a constant  n,)* 
So f a r  the  d iscuss ion has been confined t o  the  one-dimensional 
problem. To model r e a l  r i v e r  systems l a t e r a l  and perhaps even v e r t i c a l ,  
dimensions w i l l  need t o  be considered a s  we l l  a s  the  long i tud ina l  
dimension. The add i t iona l  complications w i l l  include meandering and 
changes i n  channel width. I n  f u t u r e  pursu i t s ,  t h e  w r i t e r ' s  approach 
would be first t o  develop a s a t i s f a c t o r y  one-dimensional model and then 
increase  its soph i s t i ca t ion  t o  include the  second and t h i r d  dimensions. 
For app l i ca t ions  involving rap id ly  varying f low condi t ions ,  i t  may 
be necessary t o  abandon the  computational s i m p l i f i c a t i o n s  inherent  i n  
many engineering r i v e r  models such a s  the  HEC-6 model. The techniques 
presented i n  t h i s  chapter appear t o  have promise f o r  the  flxture 
development of a numerical model f o r  unsteady flow condit ions.  However, 
a r i v e r  is i n  f a c t  a complex system, and i t  is t h e  w r i t e r q s  b e l i e f  t h a t  
the  development of a r e l i a b l e ,  widely appl icable  r i v e r  model is still 
somewhat i n  the  future.  
*Note: f o r  upper regime f = 0.141s 
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CHAPTER 8 
SUMMARY AND CONCLUSIONS 
8.1 Summary 
I n  recent  years  at tempts have been made t o  numerically model 
unsteady flows i n  channels wi th  sediment t ranspor t .  The HEC-6 program 
is the  most widely used engineering model. The HEC-6 program is useful  
i n  the  a n a l y s i s  of  slowly varying processes, such a s  long-term r e s e r v o i r  
sedimentation, but  less use fu l  when rap id ly  varying processes a r e  
imp o r  t an  t . 
The present  research  has been undertaken t o  study two elements 
which a r e  f'undamental t o  the  development of an accurate model f o r  
unsteady flows i n  sand-bed channels. These elements a r e  the  r e l a t i o n  
between the  hydraulic  v a r i a b l e s  (energy s lope ,  depth, and ve loc i ty )  and 
the  p red ic to r  of sediment concentration. The following approach has 
been used t o  study these  re la t ionships :  
1. The l a r g e  da ta  base given i n  Appendix B has been created t o  analyze 
both the  hydraulic  r e l a t ionsh ip  and the  sediment re la t ionship .  The 
d a t a  base conta ins  7027 records  (5263 labora tory  records and 1764 
f i e l d  records)  i n  79 d a t a  files. 
2. An examination of e x i s t i n g  techniques f o r  p red ic t ion  of flow depth 
has suggested t h a t  a wide ranging s o l u t i o n  which can e a s i l y  be 
adapted t o  numerical modeling app l i ca t ions  does not e x i s t .  
3. Relying heav i ly  on dimensional ana lys i s ,  a new re la t ionsh ip  (Chapter 3) has 
been developed. The proposed new method so lves  f o r  flow depth f o r  
upper regime flow and lower regime flow and provides a method f o r  
determining which flow regime one might expect,  A s t a t i s t i c a l  
a n a l y s i s  i n d i c a t e s  t h a t  the  one standard devia t ion  e r r o r s  i n  
p red ic t ing  f low depth a r e  9.5 percent  f o r  upper regime and 12.1 
percent  f o r  lower regime, a s  shown i n  Table 4.1. More work is 
needed t o  def ine  a funct ion  descr ib ing t h e  t r a n s i t i o n  between lower 
and upper regime. Table 7.1 contains rearrangements of the equations. 
4. A graphica l  and s t a t i s t i c a l  a n a l y s i s  has been presented f o r  13 
e x i s t i n g  methods f o r  p red ic t ing  sediment concentration. Several  
methods performed reasonably we l l  i n  the  p red ic t ion  of laboratory 
concentrat ions,  but most d r a s t i c a l l y  underestimated the  
concentra t ion  f o r  f i e l d  conditions. The Ackers and White (1973) 
and the  Engelund and Hansen (1967) methods provided t h e  bes t  
r e s u l t s  when analyzed wi th  a caref 'ully screened data set containing 
about 1000 records. 
5. A new method f o r  p red ic t ing  concentra t ion  has been developed, which 
is  easy t o  use and more accurate. The new method, based on 
dimensional analys is ,  sugges ts  t h a t  complicated procedures, such as 
those required f o r  the  E ins te in  (1950) procedure, a r e  not 
warranted. The geometric standard dev ia t ion  of the  r a t i o  of 
predicted t o  observed concentrat ion is 1.64 f o r  labora tory  d a t a  and 
1.75 f o r  f i e l d  data. No o the r  method had both of these i n d i c a t o r s  
under two. The method is summarized i n  Sec t ion  6.7. 
6. A four- point  i m p l i c i t  f i n i t e  d i f f e r e n c e  scheme has been presented  
t o  demonstrate t h e  f e a s i b i l i t y  of applying t h e  new hydrau l i c  and 
sediment r e l a t i o n s h i p s  t o  a numerical s o l u t i o n  of t h e  d i f f e r e n t i a l  
equat ions .  A proposed time l a g  has  been included t o  provide f o r  
non- equilibrium v a l u e s  of sediment concent ra t ion .  
A d i scuss ion  of t h e  gene ra l  purpose HEC-6 model w a s  presented 
i n  Chapter 1. Five  p o s s i b l e  problems a s soc i a t ed  wi th  t h e  model were 
d iscussed ,  each of which can be r e l a t e d  t o  a s i m p l i f i c a t i o n  sr an 
approximation involved i n  so lv ing  t h e  b a s i c  s e t  of one-dimensional 
equat ions  (Eqs .  1.1 t o  1.5) .  A new model has  - no t  been presented 
which would r ep lace  t h e  HEC-6. In s t ead ,  t h e  i n t e n t i o n  of t h i s  work 
w a s  t o  pursue a course  of r e sea rch  which would u l t i m a t e l y  l e a d  t o  an 
improved s o l u t i o n  of t h e  one-dimensional equat ions .  Problems such 
a s  bank e ros ion  and meandering, which a r e  not  t r e a t e d  by t h e  HEC-6 
program, have not  been considered here .  
It is  hoped t h a t  t h e  p re sen t  work w i l l  l a y  t h e  foundat ion f o r  t h e  
f u t u r e  development of an  accu ra t e  model f o r  engineering a p p l i c a t i o n s .  
A s  discussed i n  Sec t ion  7 . 3 ,  t h e r e  a r e  s t i l l  s e v e r a l  problems t o  be  
resolved be fo re  a s a t i s f a c t o r y  genera l  purpose model can be developed. 
8.2 Conclusions 
1. None of t h e  e x i s t i n g  methods f o r  p r e d i c t i o n  of f r i c t i o n  f a c t o r  
adequately p r e d i c t  uniform flow depth from given u n i t  d i scharge ,  
bed s lope ,  and bed-material  p r o p e r t i e s ,  f o r  a wide range of da t a .  
For depth c a l c u l a t i o n s  of engineering design accuracy, i t  is  
s a t i s f a c t o r y  t o  c l a s s i f y  bed-form regimes simply a s  e i t h e r  lower 
regime (dunes and r i p p l e s )  o r  upper regime ( f l a t  bed and 
antidunes)  , 
Flow depth can be predicted t o  an accuracy on t h e  order  of 10 
percent  f o r  e i t h e r  regime by t h e  method proposed here. 
Given s lope  and bed-material proper t ies ,  f r i c t i o n  f a c t o r ,  f ,  v a r i e s  
only s l i g h t l y  f o r  the  lower regime, while Manning n v a r i e s  s l i g h t l y  
f o r  the  upper regime. This implies t h a t  the  measure of bed-form 
roughness is near ly  propor t ional  t o  the  depth f o r  the  lower regime, 
Trans i t ion  between flow regimes, f o r  a cons tant  s lope,  appears t o  
take  place over a narrow range of depth. 
Neglecting v iscous  e f f e c t s ,  t r a n s i t i o n  values  of ve loci ty  can be 
determined from s lope  and median bed-particle s ize .  
Of t h e  13 e x i s t i n g  techniques f o r  predic t ing  sediment 
concentrat ion,  t h e  Ackers and White (1973) and t h e  Engelund and 
Hansen (1967) methods g ive  the  most s a t i s f a c t o r y  r e s u l t s  f o r  a wide 
range of l a b  and f i e l d  da ta  ( see  Fig. 6.9). This  conclusion is i n  
agreement wi th  the  r e s u l t s  of the  White, M i l l i ,  and Crabbe ( 1973) 
comparison. 
Large s c a t t e r  i n  the  da ta  causes an i n e v i t a b l e  accuracy problem i n  
t h e  p red ic t ion  of sediment concentration, I n  t h e  labora tory  data ,  
the  s c a t t e r  may be p a r t l y  t h e  r e s u l t  of d i f f e r e n c e s  between 
experimental techniques. I n  t h e  f i e l d  da ta ,  t h e  s c a t t e r  is 
probably a r e s u l t  of s h o r t  sampling times compared t o  the  time 
s c a l e s  of the  l a r g e  s c a l e  turbulent  and sediment concentra t ion  
f luc tua t ions .  
9. The proposed new technique f o r  predic t ing  sediment concentrat ion is 
easy t o  use and a t  l e a s t  a s  good or  b e t t e r  than any o f  t h e  o ther  
techniques tes ted .  The geometric standard devia t ion  of the  r a t i o  
of predicted t o  observed concentrat ion is 1.64 f o r  t h e  ava i l ab le  
l a b  data  and 1.75 f o r  the  ava i l ab le  f i e l d  data. 
10. The methods f o r  predic t ing  sediment concentrat ion t h a t  give the  
bes t  r e s u l t s ,  inc luding t h e  new method, a r e  f a i r l y  simple 
regress ion  equations, while i n  general  the  more complex procedures 
g ive  poorer r e s u l t s ,  wi th in  the  range of d a t a  tes ted .  
11. The HEC-6 program has the  capab i l i ty  o f  using e i t h e r  the  Laursen or  
T o f f a l e t i  technique f o r  p red ic t ing  sediment t r anspor t ,  o r  a user  
defined r a t i n g  curve. F igure  6.9 suggests  t h a t  the  performance of 
the  model could be improved by simply using the  proposed new 
method. 
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LIST OF SYMBOLS 
A,c,m,n Coefficients in Ackers and White (1973) technique. 
A,B,n Coefficients in Eq. 3.25, 
A,B Coefficients in Eq, 6.14. 
a Coefficient in Manning-Strickler equation. 
a. . . .a6 Coefficients. 
b Coefficient in Eq. 3.20. 
bl...b3 Coefficients in Eq. 6-10 and Eq. 6.11. 
C Chezy coefficient. 
C Mean sediment concentration (see p. 9). 
a Reference concentration at elevation a in Eq. 5.1. 
Cb Volumetric bed concentration in Eq. 5.10. 
'e Equilibrium concentration. 
Cf Coefficient for field data, Eq. 6.8. 
C~ Dimensionless Planning coefficient. 
D Pipe diameter. 
d Mean flow depth. 
D 
gr 
Dimensionless particle size, Eq. 5.6. 
Ds Arbitrary particle-size diameter. 
Dsi Mean particle diameter of size fraction P.. 1 
35.; 50 Particle sizes in a distribution, for which 35, 50, 65, and 84 percent, by weight, respectively, are 
D65' 84 finer. 
e b Bagnold bed load transport efficiency, 
F Froude number, v / G  . 
F r i c t i o n  f a c t o r ,  f r i c t i o n  f a c t o r  due t o  g r a i n  
r e s i s t a n c e ,  and due t o  form r e s i s t a n c e ,  r e spec t ive ly ,  
General func t ions ,  
Modified Froude Number, s e e  pp .  36, 133. 
Grain Froude number, s e e  p.  164. 
C r i t i c a l  g r a i n  Froude number, see p .  164. 
Mobil i ty  Number, def ined  by Eq. 5.4. 
G r a v i t a t i o n a l  a c c e l e r a t i o n .  
z  + h + u2/2g 
Flow depth. 
( 1  - X ) p  z + Ch S 
E i n s t e i n  i n t e g r a l s  i n  Eq. 5.12. 
I n t e g e r  i nd ices .  
Coe f f i c i en t s  determined from Fig. 3.8. 
von Karman's cons tan t ,  
Measure of bed-f orm roughness. 
Roughness he ight ,  
Ranga Raju e t  a l ,  parameter i n  Eq. 5.22. 
Manning c o e f f i c i e n t .  
S i ze  f r a c t i o n  of bed m a t e r i a l ,  
Water discharge.  
Discharge pe r  u n i t  width, 
Sediment d ischarge  p e r  u n i t  width. 
Dimensionless u n i t  d i s c h a r g e ,  q/q . 
Reynolds number, 4rv/v . 
Hydraul ic  r a d i u s ,  hydrau l i c  r a d i u s  due t o  g r a i n  
r e s i s t a n c e ,  and due t o  form r e s i s t a n c e ,  r e spec t ive ly .  
Rg Grain Reynolds number, see p. 164. 
S,S',SW Slope, slope due to  gra in  res is tance,  and due t o  form 
res is tance,  respectively,  
s  Specif ic  gravi ty  of bed par t i c les .  
T Temperature. 
Bagnold measure of dynamic f r i c t i on .  
Component of velocity i n  x-direction, averaged over  dep th .  
Shear veloci ty  and shear veloci ty  due to grain 
res is tance.  
Mean flow velocity.  
C r i t i c a l  veloci ty  f o r  Yang (1973) technique. 
Channel width. 
F a l l  velocity of median sediment par t i c le .  
Coefficients i n  Eq. 4.6. 
F a l l  veloci ty  f o r  s i z e  f r ac t i on  P . 
Mean f a l l  velocity of bed par t i c les .  
Laursen parameter i n  Eq. 5.17. 
z Bed elevation,  
Dimensionless groups defined by Eq. 3.11. 
Laminar sublayer thickness, 11.6 v/u,' . 
Change i n  a function over a d i sc re te  time step. 
Change i n  depth over a d i sc re te  time step. 
Change i n  discharge over a d i sc re te  time step. 
Time step 
Change i n  veloci ty  over a d i sc re te  time step. 
Space step. 
Width of ith element of a cross-section. 
Change in bed elevation over a discrete time step. 
Turbulent diffusion coefficient. 
Weighting factor for the implicit scheme. 
Porosity of bed sediment. 
Kinematic viscosity . 
Dimensionless transport rate. 
Dimensionless bed load transport rate. 
Dimensionless suspended transport rate. 
Density of water. 
Density of sediment. 
Geometric standard deviation of bed-particle sizes. 
Mean shear stress. 
Dimensionless shear stress, and dimensionless shear 
stress due to grain resistance, see pp. 28-36. 
Critical dimensionless shear stress for initiation of motion. 
Dimensionless shear stress based on D see p. 46. 
s ' 
APPENDIX 
TECHNICAL NOTES 
RE-EXAMINATION OF NIKURADSE ROUGHNESS DATA 
By William R. ~rownlie,' A. M. ASCE 
Two sets of flow resistance data are commonly used in the evaluation of 
friction factors for pipes and open channels. The data compiled by Colebrook 
and White for commercial pipes were used by Moody to construct his well 
known friction factor diagram (3, Fig. 5.32). A similar diagram based on the 
data of Nikuradse (1) for sand-roughened pipes appears in most texts of fluid 
mechanics (2, Fig. 108 and 3, Fig. 5.31), however, with a much more limited 
range of relative roughness and Reynolds number than the Moody diagram. 
While the Colebrook and White data are appropriate for commercial pipe 
applications, the Nikuradse data, with its sand roughness, may be more applicable 
for problems involving open channels with uniform-sand beds for which grain 
friction factor is required. This note describes an inconsistency in the original 
presentation of some of the Nikuradse data and provides a Moody-type diagram 
with some engineering applications for a range of the data believed to be valid. 
The data are reviewed here because they appear in many classical texts of 
fluid mechanics for engineers (e.g., 2, 3). 
The experiments reported by Nikuradse were conducted using pipes with 
diameters of 2.474 cm, 4.94 cm, and 9.94 cm. Roughness was created by gluing 
uniform sands to the pipes. In all, five sands were used, with mean diameters 
ranging from 0.01 cm-0.16 cm, to give six values of relative roughness (grain 
diameter over pipe diameter). Uniformity of sand grains was created by sieving, 
resulting in a typical geometric standard deviation of 1.02 for the grain-size 
distributions. Measurements in the pipes were taken using an approach length 
of approximately 40 pipe d im .  
The data has traditionally been presented graphically in two different forms 
following the original presentation of Nikuradse (1). In the Moody-type form, 
friction factor is plotted against Reynolds number on a log-log scale with a 
different curve and set of data points for each of the six values of relative 
roughness. In the alternate form, bv transforming the dotting coordinates, the 
' ~ r a d .  Research Asst., W. M. Keck Lab. of Hydr. and Water Resources, Calif. Inst. 
of Tech., Pasadena, Calif. 91 125. 
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796X/81/0001-0115/S01.00. 
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six curves are collapsed to one curve as in Fig. 1. 
Fig. 1 shows data from 90 runs randomly selected from the 362 that are 
published. The figure also shows the Colebrook transition function upon which 
the Moody diagram is based. Since the equivalent sand roughness of the Colebrook 
and White data was calibrated to the Nikuradse data in the fully rough regime, 
the two curves converge to the same asymptote on the right side of Fig. 1. 
.Qn inconsistency in the original data presentation can be seen by comparing 
the two plot types (1, Figs. 9 and 11) with the data tables. The data in the 
tables cover the range of parameters shown in Fig. 1; however, all points plotted 
on the original diagram do not appear in the tables. Conversely, all of the 
data in the tables are not shown in the original diagram, but they do conform 
closely to the curve in Fig. 1. On the other hand, the Moody-type diagram 
shows data with Reynolds numbers as low as 500 whereas the lowest Reynolds 
FIG. 1 .-Comparison between Nikuradse Resistance Data and Colebrook and White 
Transition Function (about 25 percent of Published Data are Shown) 
number given in the tables is 4,300. Furthermore, the two diagrams are consistent 
only for Reynolds numbers greater than 10,000. Finally, the unpublished data 
are somewhat suspect because they show a smooth transition from turbulent 
to laminar flow occurring at a Reynolds number of about 2,000, for all given 
values of relative roughness. Such a condition seems unlikely due to the nature 
of the physical transition. 
The Moody-type flow resistance chart shown in Fig. 2 was derived from 
the curve fitted to the data points in Fig. 1. Although there are inconsistencies 
in the original diagrams, the experiments appear to have been carefully conducted 
and the data in the tables are reasonable. Reynolds numbers lower than 10,000 
have been omitted. 
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It is hoped that Fig. 2 will be a useful and accurate tool for engineers. The 
chart can be used for side-wall corrections as well as for separating total resistance 
into grain resistance and form resistance. For open channel flow calculations, 
pipe diameter D should be replaced by 4r in which r = hydraulic radius. 
Fig. 2 is based on three equations which apply to different domains along 
the abscissa of Fig. 1: 
1 
-- 
1 D R* k s  
210g-- = 0.705 + 2log- R* ks ... G for log-< 0.5 . . . . . .  (1) 2 k, D D 
1 1 D  R* ks R* k s  
-- 2 1 0 g - - = z ~ , ( l  og7)'... for 0.5rlog-5 2.0 (2) G 2 k s  D 
1 1 D R* k, 
... -- 21og--=1.74 for log- > 2.0 . . . . . . . . . . . . . .  (3) * 2 ks D 
in which R, = d f/8 R; f = friction factor; D = pipe diameter; k, = the 
sand grain roughness (equivalent to grain diameter); R = Reynolds number; 
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FIG. 2.-Friction Factor Diagram, for Pipes of Diameter, D, or Channels of Hydrrrulic 
Radius, r 
and A, = empitical constants. Eq. 1 is for smooth pipes, and relative roughness 
can be removed by factoring both sides of the equation. Eq. 2 was fitted by 
the writer to the transition data from the smooth to the rough regime, with 
the coefficients A, through A, defined as 1.3376, -4.3218, 19.454, -26.480, 
16.509, -4.9407, 0.57864, respectively. Eq. 3 describes the fully rough regime 
where friction factor is a function of relative roughness only. 
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Fig. 2 can be used to perform a side-wall correction for flow at a given 
R, in flumes with a known friction factor,f, and roughness, k,, using a procedure 
analogous to the smooth-wall procedure described by Vanoni and Brooks (4). 
From the derivation given in Ref. 4, the following equations can be obtained: 
in which p = wetted perimeter; the subscript b denotes bed, and the subscript 
w denotes wall. 
The procedue for using Fig. 2 to calculate r, and rb is as follows: 
1. Plot Eq. 4 on Fig. 2 as a straight line with a slope of 1 in log units, 
and an intercept of O.OlR/f at f = 0.01. The desired values of f ,  and R, 
will lie on this line. 
2. Pick a trial value of r, and compute 4 r,/k,, and determine f, from 
Fig. 2. 
3. Compute a new value of r, from Eq. 5, return to step 2. The solution 
should converge after two or three interations. 
4. The quantities f b  and rb  can now be calculated directly from Eqs. 6 
and 7. I 
In some open channel flow problems it is often desirable to separate grain 
resistance from bed-form resistance. Two procedures are possible for separating 
the bed shear stress into its two components. Either the slope may be broken 
into components or the hydraulic radius of the bed may be broken into components. 
Vanoni and Brooks (4) have presented a graphical solution of the Einstein-Bar- 
barosa approach which divides the hydraulic radius into two components. Fig. 
2 could also be used to carry out this procedure by applying a technique similar 
to that of the side-wall correction procedure just described. However, a more 
convenient and perhaps more conceptually reasonable approach is to divide 
the energy slope into two components. 
The following equations can be used with Fig. 2 to perform this procedure: 
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in which St and f, = the energy slope and bed friction factor, respectively, 
resulting from grain resistance; and S" and f," = those quantities resulting from 
form drag, for a flow with a given velocity and bed hydraulic radius. The 
quantity f b can be determined directly from Fig. 2, given R, and 4rJkS.  The 
remaining quantities can be calculated from Eqs. 8, 9, and 10. 
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